Nonlinear Phenomena during the Electrochemical Oxidation of Sulfur Compounds by Dao, Michelle
University of Windsor 
Scholarship at UWindsor 
Electronic Theses and Dissertations Theses, Dissertations, and Major Papers 
1-17-2020 
Nonlinear Phenomena during the Electrochemical Oxidation of 
Sulfur Compounds 
Michelle Dao 
University of Windsor 
Follow this and additional works at: https://scholar.uwindsor.ca/etd 
Recommended Citation 
Dao, Michelle, "Nonlinear Phenomena during the Electrochemical Oxidation of Sulfur Compounds" (2020). 
Electronic Theses and Dissertations. 8296. 
https://scholar.uwindsor.ca/etd/8296 
This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor 
students from 1954 forward. These documents are made available for personal study and research purposes only, 
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution, 
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder 
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would 
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or 
thesis from this database. For additional inquiries, please contact the repository administrator via email 
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208. 




A Thesis  
Submitted to the Faculty of Graduate Studies  
through the Department of Chemistry and Biochemistry 
in Partial Fulfillment of the Requirements for 
the Degree of Master of Science 
 at the University of Windsor 
 
 
Windsor, Ontario, Canada 
2020 







Nonlinear phenomena during the Electrochemical Oxidation 




























J. Wang, Advisor 













DECLARATION OF CO-AUTHORSHIP / PREVIOUS PUBLICATION  
 
 
I. Co-Authorship  
I hereby declare that this thesis incorporates material that is result of joint research, as follows: 
 
Chapters 2 and 3 of the thesis was co-authored and under the supervision of Dr. Jichang 
Wang. In all cases, the key ideas, primary contributions, experimental designs, data analysis, 
interpretation, and writing were performed by the author. Dr. Jichang Wang provided contributions 
through feedback, revisions, and discussion to the manuscripts. 
 
I am aware of the University of Windsor Senate Policy on Authorship and I certify that I 
have properly acknowledged the contribution of other researchers to my thesis, and have obtained 
written permission from each of the co-author(s) to include the above material(s) in my thesis.  
 
I certify that, with the above qualification, this thesis, and the research to which it refers, 
is the product of my own work. 
II. Previous Publication 
 
This thesis includes 2 original papers that have been previously published/submitted for publication 
in peer reviewed journals, as follows: 
 
Thesis Chapter Publication title/full citation Publication status* 
Chapter 2 Bifurcations Induced by the Size of Glassy 
Carbon Electrodes during the 
Electrochemical Oxidation of Bisulfite. 
2019. M. Dao and J. Wang. Journal of the 
Electroanalytical Chemistry. 
Submitted 
Chapter 3 Electrochemical Oxidation of Sodium 
Bisulfite in Neutral Media. 2019. M. Dao 
and J. Wang.  
To Be Submitted 
 
I certify that I have obtained a written permission from the copyright owner(s) to include 
the above published material(s) in my thesis. I certify that the above material describes work 





I declare that, to the best of my knowledge, my thesis does not infringe upon anyone’s 
copyright nor violate any proprietary rights and that any ideas, techniques, quotations, or any other 
material from the work of other people included in my thesis, published or otherwise, are fully 
acknowledged in accordance with the standard referencing practices. Furthermore, to the extent 
that I have included copyrighted material that surpasses the bounds of fair dealing within the 
meaning of the Canada Copyright Act, I certify that I have obtained a written permission from the 
copyright owner(s) to include such material(s) in my thesis.  
I declare that this is a true copy of my thesis, including any final revisions, as approved by 
my thesis committee and the Graduate Studies office, and that this thesis has not been submitted 






Sulfur compounds have important applications in biological function and industry, such as 
DNA sequencing and energy production. From the perspective of fundamental research on 
macroscopic reaction kinetics, sulfur compounds have also a great deal of interest due to its ability 
to exhibit unique dynamical behaviors. This thesis focuses on uncovering nonlinear 
dynamics/phenomena during the electrochemical oxidation of two distinct sulfur compounds, 
bisulfite and L-cysteine. Chapter 2 demonstrated that the dominant S(IV) electroactive species in 
acidic media, dissolved sulfur dioxide, could exhibit a surface area-dependence of the onset of 
potential and current oscillations. Furthermore, electrochemical impedance spectroscopy was able 
to identify the oscillator as the HN-NDR type. The electro-oxidation of bisulfite in neutral media 
resulted in significantly different dynamical behaviors and was the focus in Chapter 3. In KCl 
electrolytes, sustained oscillations arose despite not exhibiting a NDR in the j-E curve. The 
competition between the oxidation of bisulfite and chloride ions were proposed to be the major 
driving force behind the observed oscillatory behavior. Preliminary characterization using 
impedance spectroscopy suggested that the instabilities may be of a possible new type of 
electrochemical oscillator. Lastly, the electrochemical oxidation of L-cysteine at a Pt electrode was 
explored in acidic, neutral, and alkaline conditions, where a well-defined negative branch was 
observed in the polarization curve and was able to exhibit bistability. Moreover, in a sufficiently 
high solution pH, the deprotonation of the -NH2, -SH and -COOH groups caused the emergence of 
current oscillations within a narrow range of parameters. In addition, This thesis also demonstrated 
the formation of sulfur elements as well as cysteine polymers, suggesting the great relevance of 
this nonlinear kinetics research to the field of material sciences, where  the fabrication of various 













I would like to firstly thank Dr. Wang for giving me the opportunity to pursue my 
graduate studies under your supervision. I am very grateful for your guidance and support 
over the years, especially for always being available to discuss any concerns, ideas, or 
questions that I had. I will always be indebted for the important lessons, skills, and 
knowledge I have acquired during my Masters degree. It has helped me become more 
confident as a researcher. To my fellow lab members, Alex and Xin, I am thankful for the 
help and encouragement you have provided me. You have truly made coming in every day 
memorable. As for Dr. Jeffrey Bell, thank you for your mentorship and advice, it is 
appreciated. 
I would also like to thank Dr. Drew Marquardt and Dr. Aaron Fisk to take their 
time to be on my committee and for your valuable input and suggestions.  
Additionally, I want to thank Sharon for helping me run many SEM experiments, 
and Janeen for MS experiments. 
To Marlene, thank you for your help by making sure I met many deadlines, and 
making sure my whole Masters went smoothly. 
Lastly, I would like to thank my parents, and my brother for the continuous love 
and support, I could have not done this without you. To my boyfriend, Mitchell, thank you 
for uplifting my spirits during the difficult and stressful times while studying and doing 
research. I am grateful for your endless support and your understanding for the past year – 





TABLE OF CONTENTS 
 
DECLARATION OF CO-AUTHORSHIP / PREVIOUS PUBLICATION ..................... iii 
ABSTRACT .........................................................................................................................v 
DEDICATION ................................................................................................................... vi 
ACKNOWLEDGEMENTS .............................................................................................. vii 
LIST OF TABLES ............................................................................................................. xi 
LIST OF FIGURES .......................................................................................................... xii 
LIST OF APPENDICES .................................................................................................. xxi 
LIST OF ABBREVIATIONS/SYMBOLS ..................................................................... xxii 
CHAPTER 1 - INTRODUCTION .......................................................................................1 
1.1 Nonlinear Dynamics and Self-organization ..................................................................... 1 
1.2 Conditions of Non-linear Systems .................................................................................... 2 
1.3 Stability Analysis .............................................................................................................. 3 
1.4 Bifurcations ...................................................................................................................... 6 
1.4.1 Saddle-Node Bifurcation ........................................................................................ 7 
1.4.2 Hopf Bifurcation .................................................................................................... 8 
1.4.3 Homoclinic Bifurcation ........................................................................................ 11 
1.4.4 Application of Electrochemical Impedance Spectroscopy to Bifurcation Theory in 
Electrochemical Systems ........................................................................................................ 12 
1.5 Classification of Electrochemical Oscillators ............................................................... 14 
1.5.1 Negative Differential Resistance.......................................................................... 14 
1.5.2 Convection Mass Transportation ......................................................................... 19 
1.5.3 Capacitance Mediated Positive Differential Resistance ...................................... 20 
1.6 Oscillatory Electro-oxidation of Sulfur Compounds...................................................... 20 
1.7 References ...................................................................................................................... 22 
CHAPTER 2 – THE ELECTRO-OXIDATION OF BISULFITE IN ACIDIC MEDIA ...32 
2.1 Introduction.................................................................................................................... 32 
2.2 Experimental Procedures ............................................................................................... 34 
ix 
 
2.3 Results and Discussion .................................................................................................. 34 
2.3.1 pH Dependence of the Reaction Behavior ........................................................... 34 
2.3.2 Critical Surface Area Dependence of the Reaction Behavior.............................. 36 
2.3.3 Dependence of the Oscillatory Behavior on Reaction Conditions....................... 40 
2.3.4 Mechanistic Characterization .............................................................................. 46 
2.3.5 Surface Characterization ..................................................................................... 51 
2.3.6 Potential Oscillations .......................................................................................... 52 
2.3.7 Formation of Sulfur ............................................................................................. 56 
2.4 Conclusions .................................................................................................................... 57 
2.5 References ...................................................................................................................... 60 
CHAPTER 3 – ELECTRO-OXIDATION OF BISULFITE IN NEUTRAL MEDIA ......65 
3.1 Introduction.................................................................................................................... 65 
3.2 Experimental Procedures ............................................................................................... 66 
3.3 Results and Discussion .................................................................................................. 67 
3.3.1 Potentiodynamic Profiles ..................................................................................... 67 
3.3.2 Effect of Reaction Parameters on the Oscillatory Dynamics .............................. 73 
3.3.3 Potential Oscillations .......................................................................................... 82 
3.3.4 Dynamic Quorum Sensing ................................................................................... 83 
3.3.5 Mechanistic Characterization .............................................................................. 85 
3.3.6 Surface Characterization ..................................................................................... 88 
3.3.7 Electrochemical Oxidation of HSO3- on Gold ..................................................... 90 
3.3.8 Mechanistic Pathway ........................................................................................... 92 
3.4 Conclusions .................................................................................................................... 96 
3.5 References ...................................................................................................................... 97 
CHAPTER 4 – ELECTRO-OXIDATION OF L-CYSTEINE ........................................102 
4.1. Introduction ...................................................................................................................... 102 
4.2 Experimental Procedures ................................................................................................... 103 
4.3 Results and Discussion ...................................................................................................... 104 
4.3.1 Oxidation of L-Cysteine in Neutral Media .................................................................. 104 
4.3.2 Oxidation of L-Cysteine in Acidic Media .................................................................... 109 
4.3.3 Oxidation of L-Cysteine in Alkaline Media ................................................................. 111 
4.3.4 Mechanism and Kinetic Overview .............................................................................. 119 
x 
 
4.4 Conclusions ........................................................................................................................ 124 
4.5 References .......................................................................................................................... 125 
CHAPTER 5 – CONCLUSIONS AND FUTURE PERSPECTIVES .............................130 
5.1 Conclusions ........................................................................................................................ 130 
5.2 Future Perspectives ........................................................................................................... 132 
5.3 References .......................................................................................................................... 134 
APPENDICES .................................................................................................................135 
APPENDIX A. COPYRIGHT RELEASE FOR ELSEVIER ...................................................... 135 
APPENDIX B. COPYRIGHT RELEASE FOR ROYAL SOCIETY CHEMISTRY .................... 139 
APPENDIX C. COPYRIGHT RELEASE FOR SPRINGER NATURE ..................................... 141 
APPENDIX D. COPYRIGHT RELEASE FOR JOHN WILEY AND SONS ............................. 143 





LIST OF TABLES 






LIST OF FIGURES 
1.1 Examples of stationary Turing patterns observed in skin pigmentation on 
various species of fish and in coat patterns of zebras and giraffes.  
2 
1.2 The analogy of the position of a ball at the bottom and at the top of a hill 
to represent (a) stable states and (b) unstable states. 
4 
1.3 Generic diagram of a saddle-node bifurcation for a one-dimensional 
system, which shows the creation/annihilation of a pair of stable steady 
states as a function of the bifurcation parameter, µ. 
7 
1.4 Generic diagram of a saddle-node bifurcation for a multi-dimensional 
system. The solid line represents the steady stable states, whereas the 
dashed line is the unstable region. The dotted lines and the arrows show 
the direction of the variable response when periodic changes are made to 
the parameters. 
8 
1.5 Periodic orbits and limit cycles: (a) inner limit cycle, (b) outer limit cycle, 
(c) stable limit cycle, and (d) unstable limit cycle. 
9 
1.6 A generic bifurcation diagram of (a) supercritical Hopf bifurcation and (b) 
a subcritical Hopf bifurcation. 
9 
1.7 The phase space representation of the growth and evolution of a limit cycle 
in (a) supercritical Hopf bifurcations, and (b) subcritical Hopf bifurcations. 
11 
1.8  (a) Phase space representation of a limit cycle in a homoclinic bifurcation. 
(b) Generic bifurcation diagram of a homoclinic bifurcation. 
12 
1.9 (a) A typical LSV in the absence of an external resistor, (b) LSV in the 
presence of a sufficiently large external resistor and (c) Nyquist plot of a 




1.10 (a) A typical LSV in the absence of an external resistor, (b) LSV in the 
presence of a sufficiently large external resistor and (c) Nyquist plot of a 
HN-NDR electrochemical oscillator. 
17 
1.11 (a) A typical LSV in the absence of an external resistor, (b) LSV in the 
presence of a sufficiently large external resistor and (c) Nyquist plot of a 
S-NDR oscillator. 
19 
2.1 Potentiodynamic curves of 0.3 M NaHSO3 in 0.1 M H2SO4. The scan rate 
was 0.5 mVs-1. The surface areas of the GCE employed are (a) 0.79 mm2 
and (b) 7.07 mm2. 
37 
2.2 Time series under the potentiostatic control of 1.5 V with GCEs of varying 
surface area sizes: (a) 0.79 mm2, (b) 3.54 mm2, (c) 7.07 mm2, (d) 7.85 mm2, 
and (e) 14.10 mm2. The solution contained 0.3 M NaHSO3 and 0.1 M 
H2SO4.  
39 
2.3  Time series under the potentiostatic control of: (a) 1.6 V, (b) 1.4 V, (c) 1.2 
V, and (d) 1.0 V. The solution contained 0.3 M NaHSO3 and 0.1 M H2SO4. 
40 
2.4 Time series under the potentiostatic control of 1.5 V with varying 
concentrations of NaHSO3: (a) 0.5 M, (b) 0.4 M, (c) 0.3 M and (d) 0.2 M. 
The concentration of H2SO4 was 0.1 M. 
41 
2.5 Time series under the potentiostatic control of 1.5 V with varying 
concentrations of H2SO4: (a) 0.0 M, (b) 0.05 M, (c) 0.1 M, and (d) 0.2 M. 
The concentration of NaHSO3 was 0.3 M. 
42 
2.6 Time series under the potentiostatic control of 1.4 V with different acids 
as the supporting electrolyte: (a) 0.1 M H2SO4, (b) 0.1 M HCl, and (c) 0.1 




2.7 Cyclic voltammograms of (a) 0.3 M NaHSO3 in 0.1 M H2SO4 and (b) 
Cyclic voltammograms of 0.3 M NaHSO3 in (i) 1.0 M KCl, (ii) 0.1 M 
H2SO4, and (iii) 0.1 M HNO3. The scan rate was 100 mVs-1. 
44 
2.8 Time series under the potentiostatic control of: (a) 1.6 V, (b) 1.4 V, (c) 1.2 
V, and (d) 1.0 V. The solution contained 0.3 M NaHSO3 and 0.1 M HCl. 
45 
2.9 Time series under the potentiostatic control of: (a) 1.6 V, (b) 1.4 V, (c) 1.2 
V, and (d) 1.0 V. The solution contained 0.3 M NaHSO3 and 0.1 M HNO3. 
45 
2.10 Time series under the potentiostatic control of 1.5 V using a rotating disc 
electrode with varying speeds: (a) 3000 rpm, (b) 5000 rpm, and (c) 500 
rpm. The solution contained 0.3 M NaHSO3 and 0.1 M H2SO4. 
 
46 
2.11 Nyquist plots during the oxidation of 0.3 NaHSO3 in 0.1 H2SO4 at a GCE 
at the applied potentials of: (a) 0.90 V, (b) 1.0 V, (c) 1.1 V, (d) 1.2 V, (e) 
1.35 V, and (f) 1.4 V. The frequency range was from 1.0 x 105 Hz to 0.001 
Hz. The perturbation amplitude is 0.005 V. 
48 
2.12 Nyquist plots during the oxidation of 0.3 M NaHSO3 in 0.1 M H2SO4 at a 
GCE at the applied potentials of: (a) 1.1 V, (b) 1.2 V, (c) 1.35 V, and (d) 
1.4 V. The employed GCE surface areas were: (i) 7.07 mm2 and (ii) 0.79 
mm2. The frequency range was from 1.0 x 105 Hz to 0.001 Hz. The 
perturbation amplitude is 0.005 V. 
50 
2.13 Scanning electron microscopy images of (a) a bare GCE and (b) a GCE 
after 1 hour of the oxidation of 0.3 M NaHSO3 in 0.1 M H2SO4. 
51 
2.14 EDS spectra taken at the GCE surface after 1 hour of the oxidation of 0.3 




2.15 Galvanodynamic curve of 0.3 M NaHSO3 in 0.1 M H2SO4 between 0.0 mA 
mm-2 – 0.56 mA mm-2. The scan rate was 2.1 x 10-8 mA mm-2 s-1. 
53 
2.16 Time series under the galvanostatic control of: (a) 0.50 mA mm-2, (b) 0.35 
mA mm-2, (c) 0.28 mA mm-2, and (d) 0.14 mm-2. The solution contained 
0.3 M NaHSO3 and 0.1 M H2SO4. 
53 
2.17 Time series under the galvanostatic control of 0.5 mA mm-2 with GCEs of 
varying surface area sizes: (a) 1.57 mm2, (b) 3.54 mm2, (c) 7.07 mm2, (d) 
7.85 mm2, and (e) 14.10 mm2. The solution contained 0.3 M NaHSO3 and 
0.1 M H2SO4. 
55 
2.18 Changes to the solution after 1 hour of the oxidation reaction when it 
contains (a) 0.3 M NaHSO3 in 0.35 M H2SO4 and (b) 0.3 M NaHSO3 in 
0.1 M H2SO4. 
57 
2.19 A plot showing (a) the square root of the scan rate and the anodic peak 
current density and (b) the scan rate and the anodic peak current density 
during the electro-oxidation of 0.3 M NaHSO3 in 0.1 M H2SO4 at the GCE. 
58 
2.20 Simulated Nyquist plot based on the equivalent circuit. The frequency 
range was between 1.0x105 Hz to 0.001 Hz. 
59 
3.1 Potentiodynamic curves of 0.3 M NaHSO3 in (a) 1.0 M KNO3, (b) 0.35 M 
K2SO4, and (c) 1.0 M KCl. The scan rate was 0.1 mVs-1. 
68 
3.2 Potentiodynamic curves of (a) 0.3 M NaHSO3 in 1.0 M KCl and (b) 1.0 M 
KCl at the GCE. The scan rate was 0.1 mVs-1. 
70 
3.3 Potentiodynamic curves of (a) 1.0 M KCl, (b) 0.35 M K2SO4, and (c) 1.0 





3.4 Potentiodynamic curves of (a) 1.0 M KCl and (b) 0.5 M KCl at the GCE. 
The scan rate was 1 mVs-1. 
71 
3.5 Potentiodynamic curves of 0.5 M NaHSO3 in varying KCl concentrations: 
(a) 1.0 M, (b) 0.5 M, and (c) 0.0 M. The scan rate was 1 mVs-1. 
72 
3.6 Potentiodynamic curve of varying NaHSO3 concentrations: (a) 0.8 M, (b) 
0.5 M, (c) 0.3 M, and (d) 0.1 M. The concentration of KCl was 1.0 M. The 
scan rate was 1 mVs-1. 
73 
3.7 Time series under the potentiostatic control of: (a) 0.90 V, (b) 1.1 V, (c) 
1.3 V, (d) 1.5 V, and (e) 1.8 V. The solution contained 0.3 M NaHSO3 and 
1.0 M KCl. 
74 
3.8 Time series under the potentiostatic control of 1.4 V with varying 
concentrations of NaHSO3: (a) 0.02 M, 0.1 M, and (c) 0.3 M. The 
concentration of KCl was 1.0 M. 
74 
3.9 Time series under the potentiostatic control of 1.4 V with varying 
concentrations of KCl: (a) 0.0 M, (b) 0.5 M, and (c) 1.0 M. The 
concentration of NaHSO3 was 0.3 M. 
76 
3.10 Time series under the potentiostatic control of 1.4 V with different 
supporting electrolytes: (a) 1.0 M KNO3, (b) 0.35 M K2SO4, and (c) 1.0 M 
KCl. The concentration of NaHSO3 was 0.3 M. 
77 
3.11 Time series under the potentiostatic control of: (a) 0.90 V, (b) 1.1 V, (c) 
1.2 V, (d) 1.3 V, and (e) 1.5 V. The solution contained 0.3 M NaHSO3 and 
0.1 M KNO3. 
78 
3.12 Time series under the potentiostatic control of: (a) 0.90 V, (b) 1.1 V, (c) 
1.2 V, (d) 1.3 V, and (e) 1.5 V. The solution contained 0.3 M NaHSO3 and 




3.13 Time series under the potentiostatic control of 1.4 V using a rotating disc 
electrode with varying speeds: (a) 500 rpm, (b) 1000 rpm, (c) 2000 rpm, 
and (d) 3000 rpm. The solution contained 0.3 M NaHSO3 and 0.5 M KCl. 
 
79 
3.14 Time series under potentiostatic control of: (a) 1.6 V, (b) 1.5 V, (c) 1.4 V, 
(d) 1.3 V, and 1.2 V. The speed of the rotating disk electrode was 500 rpm. 
The solution contained 0.3 M NaHSO3 and 0.5 M KCl. 
80 
3.15 Time series under potentiostatic control with varying external resistors: (a) 
100 Ω at 1.78 V, (b) 222 Ω at 2.24 V, (c) 1175 Ω at 5.86 V, and (d) 2200 
Ω at 9.76 V. The estimated U is 1.4 V. The solution contained 0.3 M 
NaHSO3 and 0.5 M KCl. 
81 
3.16 Galvanodynamic curve of 0.3 M NaHSO3 in 1.0 M KCl between 0.0 mA 
mm-2 – 0.70 mA mm-2. The scan rate was 2.1 x 10-5 mA mm-2 s-1. 
82 
3.17 Time series under the galvanostatic control of: (a) 0.13 mA mm-2, (b) 0.35 
mA mm-2, (c) 0.45 mA mm-2, and (d) 0.50 mm-2. The solution contained 
0.3 M NaHSO3 and 1.0 M KCl. 
83 
3.18 Time series under the potentiostatic control of 1.4 V with GCEs of varying 
surface area sizes: (a) 0.0393 mm2, (b) 0.0785 mm2, (c) 0.393 mm2, (d) 
0.785 mm2, (e) 7.07 mm2, (f) 7.85 mm2, and (g) 14.14 mm2. The solution 
contained 0.3 M NaHSO3 and 1.0 M KCl. 
84 
3.19 Nyquist plots during the oxidation of 0.3 NaHSO3 in 1.0 M KCl at a GCE 
at the applied potentials of: (a) 0.90 V, (b) 1.2 V, and (c) 1.3 V. The 
frequency range was from 1.0 x 105 Hz to 0.001 Hz. The perturbation 




3.20 Nyquist plots during the oxidation of 0.5 NaHSO3 in 1.0 M KCl at a GCE 
at the applied potentials of: (a) 1.0 V, (b) 1.05 V, and (c) 1.13 V. The 
frequency range was from 1.0 x 105 Hz to 0.001 Hz. The perturbation 
amplitude is 0.005 V. 
87 
3.21 Scanning electron microscopy images of (a) a pristine GCE surface, (b) a 
GCE surface after 1 hour of the oxidation of 0.3 M NaHSO3 in 1.0 M KCl 
at 40x magnification and (c) 400x magnification. 
88 
3.22 EDS spectra of the deposited species on the GCE surface after 1 hour of 
the oxidation of NaHSO3 in KCl. 
89 
3.23 Potentiodynamic sweep of 0.2 M NaHSO3 in 0.05 M K2SO4. The scan rate 
was 1 mVs-1. 
90 
3.24 Time series under the potentiostatic control of: (a) 0.80 V, (b) 0.9V, and 
(c) 1.0 V. The solution contained 0.2 M NaHSO3 and 0.05 K2SO4. 
91 
3.25 Nyquist plot during the oxidation of 0.2 NaHSO3 in 0.05 M K2SO4 at a Au 
electrode at an applied potential of 0.8 V. The frequency range was from 
1.0 x 105 Hz to 0.001 Hz. The perturbation amplitude is 0.005 V. 
92 
3.26 Mass spectroscopy (Electrospray TOF) spectra obtained from solutions of 
(a) unreacted NaHSO3 and KCl, (b) NaHSO3 and KCl that has been 
subjected to the electro-oxidation reaction by performing a potentiostatic 
experiment at 1.5 V for 1.5 hours. 
94 
3.27 A plot showing the square root of the scan rate and the anodic peak current 
density during the electro-oxidation of 0.3 M NaHSO3 in 1.0 M at the 
GCE. 
95 
4.1 Potentiodynamic curve of 0.1 M L-cysteine in 0.5 M KCl. The scan rate 




4.2 Potentiodynamic curves of 0.1 M L-cysteine in 0.5 M KCl with a (a) Pt 
and (b) PtO electrode. The scan rate was 0.1 mVs-1. 
106 
4.3 Nyquist plots during the oxidation of 0.1 M L-cysteine in 0.5 M KCl at a 
Pt electrode at the applied potentials of (a) 0.800 V and (b) 1.05 V. The 
frequency range was from 1.0 x 105 Hz to 0.001 Hz. The perturbation 
amplitude is 0.005 V. 
107 
4.4 Potentiodynamic curves of 0.1 M L-cysteine in 0.5 M KCl with external 
resistors of (a) 27 k, (b) 80 k, (c) 100 k, and (d) 120 k connected in 
series with the working electrode. The scan rate was 0.1 mVs-1. 
108 
4.5 Cyclic voltammogram of 0.1 M L-cysteine in 0.5 M KCl. The scan rate 
was 0.1 mVs-1. 
108 
4.6 Potentiodynamic curve of 0.1 M L-cysteine in 0.1 M H2SO4. The scan rate 
was 0.1 mVs-1. 
109 
4.7 Nyquist plot during the oxidation of 0.1 M L-cysteine in 0.1 M H2SO4 at a 
Pt electrode at the applied potential of 0.90 V. The frequency range was 
from 1.0 x 105 Hz to 0.001 Hz. The perturbation amplitude is 0.005 V. 
110 
4.8 Cyclic voltammogram of 0.1 M L-cysteine in 0.5 M KCl. The scan rate 
was 0.1 mVs-1. 
110 
4.9 Potentiodynamic curve of 0.1 M L-cysteine in 0.1 M NaOH. The scan rate 
was 0.1 mVs-1. 
111 
4.10 Nyquist plots during the oxidation of 0.1 M L-cysteine in 0.1 M NaOH at 
a Pt electrode at the applied potentials of (a) 0.3 V, (b) 0.8 V, (c) 1.0 V, 
and (d) 1.3 V. The frequency range was from 1.0 x 105 Hz to 0.001 Hz. 




4.11 Nyquist plot during the oxidation of 0.1 M L-cysteine in 0.1 M NaOH at a 
Pt electrode at the applied potential of 1.5 V. The frequency range was 
from 1.0 x 105 Hz to 0.0001 Hz. The perturbation amplitude is 0.005 V. 
114 
4.12 (a) Cyclic voltammogram of 0.1 M L-cysteine in 0.1 M NaOH. (b) Linear 
sweep voltammogram in the reverse direction. The scan rate was 0.1 mVs-
1. 
115 
4.13 Multi-potential steps of 0.1 M L-cysteine in 0.1 M NaOH. The applied 
potentials were (a) 1.08 V, 1.3 V, (c) 1.08 V, (d) 0.4 V, and (e) 1.08 V. 
116 
4.14 Multi-potential steps of 0.05 M L-cysteine in 0.1 M NaOH. The applied 
potentials were (a) 1.08 V, 1.3 V, (c) 1.08 V, (d) 0.4 V, and (e) 1.08 V. 
116 
4.15 Potentiodynamic curve of 0.05 M L-cysteine in 0.1 M NaOH. The scan 
rate was 0.1 mVs-1. 
117 
4.16 Time series under the potentiostatic control of (a) 1.3 V and (b) 1.4 V. The 
solution contained 0.05 M L-cysteine and 0.1 M NaOH. 
118 
4.17 Galvanodynamic sweeps of 0.1 M L-cysteine in 0.1 M NaOH between 0 
and 19 A mm-2 in the (a) forward and (b) reverse scan. The scan rate was 
0.00318 A mm-2 s-1. 
119 
4.18 Cyclic voltammograms of 0.1 M L-cysteine in (a) 0.1 M NaOH, (b) 0.5 M 
KCl, and (c) 0.1 M H2SO4. The scan rate was 100 mVs-1. 
120 
4.19 Ionization of L-cysteine in varying solution pH. 121 
4.20 Potentiodynamic curve of 0.1 M L-cysteine in 0.2 M NaOH. The scan rate 
was 0.1 mVs-1. 
122 
4.21. Scanning electron microscopy images of a Pt electrode after 2s hour of the 
oxidation of 0.1 M L-cysteine in 0.1 M NaOH at (a) 1500x magnification 




LIST OF APPENDICES 
 
APPENDIX A. COPYRIGHT RELEASE FOR ELSEVIER 135 
APPENDIX B. COPYRIGHT RELEASE FOR ROYAL SOCIETY 
CHEMISTRY 
139 
APPENDIX C. COPYRIGHT RELEASE FOR SPRINGER NATURE 141 






LIST OF ABBREVIATIONS/SYMBOLS 
 
CE    Counter Electrode 
C-PDR                                    Capacitance Mediated Positive Differential  
Resistance  
CV    Cyclic Voltammetry 
EIS     Electrochemical Impedance Spectroscopy 
EDS    Energy Dispersive X-Ray Spectroscopy 
GCE    Glassy Carbon Electrode 
HN-NDR   Hidden N-shaped Negative Differential Resistance 
LSV    Linear Sweep Voltammetry  
NDR    Negative Differential Resistance 
N-NDR    N-shaped Negative Differential Resistance 
S-NDR    S-shaped Negative Differential Resistance 
SEM    Scanning Electron Microscopy  
SN    Saddle-Node 
RDE    Rotating Disk Electrode 





CHAPTER 1 - INTRODUCTION 
1.1 Nonlinear Dynamics and Self-organization 
 
A fundamental feature of nature is its ability to exhibit complex behaviors that are governed by 
nonlinear equations. Many living and physical processes can be viewed as dynamical systems, in 
which the future configuration(s) of an entity may be defined by the past and present states, 
assuming that the rules or laws concerning the transformation of the states does not change over 
time.1,2 In simpler terms, dynamical systems deals with its evolution or change as a function of 
time. 
Nonlinear dynamics plays a vital role in a large array of systems belonging to different 
disciplines, and its existence can be found not only in laboratory settings, but also in day-to-day 
life. Such examples can include the firing of neurons,3 predator-prey interactions,4 self-assembly 
of nanoparticles,5 and can even extend to economic models of production and consumption.6 
Self-organization refers to the unexpected formation of pattern and structure through local 
interactions between individual constituents of a system. Under appropriate conditions, the 
development of order is spontaneous, as it does not require input from external sources. The global 
coherence can manifest in many forms in both time and/or space. A well-known example of 
spatiotemporal dynamical self-organization is the Turing pattern, which are macroscopic stationary 
patterns originating from symmetry-breaking phenomena (Figure 1.1).7 More commonly, the 
emergence of self-organization appears as sustained periodic or complex (e.g., aperiodic, quasi-




Figure 1.1. Examples of stationary Turing patterns observed in skin pigmentation on various 
species of fish and in coat patterns of zebras and giraffes.8  
The first reports of nonlinear phenomena in chemical systems date back to 1828, when 
Fechner observed periodic current oscillations during the anodic dissolution of nickel in nitric acid.9 
Since the initial discovery, years of investigations uncovered  that overwhelming amounts of 
processes in the areas of electrodissolution,10–19 electrodeposition,20–25 and electrocatalysis could 
exhibit nonlinear instabilities.26-40 The field of electrochemistry has attracted great interest to 
researchers studying nonlinear dynamics as it is capable of providing endless opportunities to 
investigate its underlying mechanisms.40 Experimental and numerical data obtained from 
experiments are used to develop theoretical models as an attempt to describe the origins of pattern 
formation.  These understandings of fundamental principles on a mathematical level derived from 
electrochemical concepts and techniques allowed nonlinear dynamists to apply to other analogous 
phenomena observed in other systems.   
1.2 Conditions of Non-linear Systems 
 
The spontaneous onset of self-organization and other non-linear phenomena can only occur 
when the system maintains far from thermodynamic equilibrium. In thermodynamics, the state of 
equilibrium refers to the absence of dissipation of energy in a given system.41 Therefore, a constant 
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perturbation from an external source is required to prevent the system from approaching 
equilibrium. The thermodynamic requirement for the creation of order can be explained with the 
second law of thermodynamics, which states that the total entropy of an isolated system or universe 
can only increase or remain constant (Stotal  0). The creation of order involves a decrease of 
entropy, so there must be a parallel dissipative process that results in an overall increase of entropy 
in order to compensate.42,43 The recognition for the need of energy dissipation led to the term 
dissipative structures, coined by Prigogine for the complex structures created by the irreversible 
processes between a system and its surroundings.44 Based on this definition, any forms of nonlinear 
phenomena (such as spatiotemporal and temporal patterns) are therefore, dissipative structures.  
 The overall two kinetic requirements are: (a) the differential equations used to describe the 
dynamics are nonlinear (i.e., autocatalysis and/or autoinhibition) and (b) the presence of feedback 
loops in the mechanism to destabilize the system.42 Oscillatory behavior becomes possible when 
two variables assumes the roles of a fast positive feedback and a slow negative feedback. Typically, 
self-regulation through feedback loops are related to activator-inhibitor interactions, such as 
autocatalysis (positive feedback) and autoinhibition (negative feedback).45 It is worthy to note that 
it is important to identify the appropriate feedback loops in order to gain significant understanding 
of the oscillatory mechanism. 
1.3 Stability Analysis 
 
Stability analysis of a state is commonly used to determine the dynamical evolution of a 
system. A steady state means that the characteristics of a state do not change with respect to time. 
A steady state is not to be confused with the term stable state, as this refers to the system’s resistance 
to small internal or external perturbations. The perturbations may result in small arbitrary 
deviations from the initial conditions of a system, but the system will return to its original state. 
Contrarily, an unstable state is unable to resist any size of perturbations and the system continues 
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to deviate from its initial state and will leave to another state within close proximities. The notion 
of stable and unstable states can be explained with the analogy of a ball sitting at the top of a hill 
and at the bottom of a basin (Figure 1.2). When the ball is positioned at the top of the hill, the ball 
is unstable because any fluctuations in either direction will result in a displacement of the ball, and 
it will continue to deviate from its initial position. However, at the bottom of the basin, the ball is 
in a stable state since small fluctuations are damped.42 
 
Figure 1.2. The analogy of the position of a ball at the bottom and at the top of a hill to 
represent (a) stable states and (b) unstable states.42 
Having introduced the appropriate terminology, it is important to note that steady states 
can be stable or unstable. A stable steady state, also known as a point attractor, is depicted as a 
fixed point in a phase space, which is a graphical representation of all possible future and present 
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states (or positions) and the trajectories of a system.2 The surrounding trajectories of a point 
attractor leads to the fixed (equilibrium) point, otherwise it is an unstable steady state, or a point 
repeller.42 
 A particular type of stability, called the asymptotic stability, refers to the ability of a system 
to return to its exact initial conditions after experiencing a perturbation. This is due to the 
asymptotical perturbation decay to zero as a function of time. In order for a system to be globally 
stable, the system will always return back to a single point (or initial conditions) regardless of the 
starting point and the perturbation applied. For a system that is locally stable, the system is able to 
“switch” to a nearest stable state upon the application of larger than a threshold perturbation.42 
 Another type of local stability is the Lyapunov (or Liapunov) stability, developed by a 
Russian mathematician named Lynapunov in 1892. Here, instead of the system switching to 
concurrent stable state, the system stays near the equilibrium point as t → ∞. However, if the 
distance between Lyanpunov state and the original stable state shrinks to zero, then it now turns 
into the case of asymptotic stability.42  
 More commonly, a system will have one stable steady state, much like a ball positioned at 
the bottom of a basin. However, it is also possible for more complex systems to exhibit bistability 
and multistability, if the system exists in two or more steady states within a range of parameters. 
This concept can be imagined using the same example with the ball at the bottom of a basin, except 
there is another basin within the same geographical landscape. Now, the ball can exist in either 
stable steady state locations. A common manifestation of multistability is the phenomenon of 
hysteresis, a response lag which results in two possible values for one variable or control parameter. 
Similarly, when there are two oscillatory states within the same control parameter range, that is 





The emergence of oscillations and waveforms in any given system are associated with a loss 
of stability. The transition of the dynamic state of a system, for example, from a stationary state to 
an oscillatory state, can be explained by using the bifurcation theory. A bifurcation occurs when 
changes made to the control parameter exceeds the critical threshold that ultimately results in a 
qualitative change in the behavior of a generally nonlinear system.48 The control parameters that 
are accountable for the transformation of the dynamic states are called bifurcation parameters (). 
Typical electrochemical bifurcation parameters can include the initial concentration of an 
electroactive species, applied potential, applied current, temperature, pH, etc.40 When the system is 
driven close to the bifurcation point, perturbations are magnified due to the presence of nonlinear 
feedback loops that leads to the changes of stability of the dynamical state. 
The bifurcation theory can predict on a mathematical basis if a bifurcation can occur in a given 
system.40 The derived properties and characteristics of a bifurcation derived from a particular 
system may be applied to other resembling systems that exhibit similar dynamic changes. 
According to literature, there are three main types of bifurcations: (1) saddle-node, (2) Hopf, and 
(3) homoclinic. Saddle-node and Hopf bifurcations are local in nature, so its stationary state can be 
assessed by linearizing differential equations, in which nonlinear terms can be ignored.40 To solve 
a linearized equation means to calculate the eigenvalues and eigenvectors that are associated with 
the Jacobian matrix. If the eigenvalues are negative, that means the stationary state is stable, 
otherwise it is unstable. However, homoclinic types are global bifurcations, so a more complex 





1.4.1 Saddle-Node Bifurcation  
 
A saddle-node bifurcation occurs when a pair of hyperbolic stationary states, typically one 
stable and one unstable, suddenly emerge or coalesce and annihilate each other when the control 
parameter is varied from the critical point.49 In a mathematical standpoint, the saddle-node 
bifurcation occurs when one of the eigenvalues of the Jacobian matrix crosses zero.50,51 The name 
“saddle-node” comes from the configuration of the trajectories surrounding the steady states, which 
one resembles a node around the stable state, and a saddle around the unstable one.43 
  
Figure 1.3. Generic diagram of a saddle-node bifurcation for a one-dimensional system, 
which shows the creation/annihilation of a pair of stable steady states as a function of the bifurcation 
parameter, .42 
Figure 1.3 shows a typical bifurcation diagram of a saddle-node bifurcation in a one-
dimensional system, where µ is the bifurcation parameter and 𝑥 is the dynamic variable. To recall, 
a fixed point along the 𝑥 axis represents a steady state (
𝑑𝑥
𝑑𝑡
= 0). Depending on the direction of the 
bifurcation parameter (µ) change, the creation, coalescence or destruction of the two steady states 




Figure 1.4. Generic diagram of a saddle-node bifurcation for a multi-dimensional system. 
The solid line represents the steady stable states, whereas the dashed line is the unstable region. 
The dotted lines and the arrows show the direction of the variable response when periodic changes 
are made to the parameters.40 
Saddle-node bifurcations usually come in pairs in systems containing more than one 
variable (two-dimensional system), which is depicted in Figure 1.4, where two stable steady states 
can exist between the two bifurcations.40 Here, the phenomenon of hysteresis is illustrated when 
the changes to the control parameters are applied in a cyclic fashion.  
1.4.2 Hopf Bifurcation  
 
Undoubtedly, most of the oscillatory behavior in a two-dimensional system is developed 
through the Hopf bifurcation, where a real pair of complex eigenvalues converges through zero.51 
In general, the Hopf bifurcation occurs when a stationary state loses its stability, and the 
neighbouring trajectories surround the point attractor or point repeller in a closed periodic orbit in 
a phase space, called a limit cycle.52 In fact, a limit cycle can be viewed as an isolated trajectory, 
containing inner and outer components, as seen in Figure 1.5(a) and Figure 1.5(b). Similar to a 
steady state, a limit cycle can be stable, or unstable, depending on the direction of its neighbouring 
trajectories. If they spiral towards the closed orbit as time → , the limit cycle is stable, otherwise 
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it is unstable (Figure 1.5(c) and Figure 1.5(d)).  
 
Figure 1.5. Periodic orbits and limit cycles: (a) inner limit cycle, (b) outer limit cycle, (c) 
stable limit cycle, and (d) unstable limit cycle. 52 
How the limit cycle evolves will determine the stability of the oscillatory state, and this 
criterion becomes the basis for the sub-classification of the Hopf bifurcation. The bifurcation 
diagrams of the supercritical and the subcritical types can be seen in Figure 1.6, where the amplitude 
of the oscillations are represented as the distance between the two stable branches. 
 
Figure 1.6. A generic bifurcation diagram of a (a) supercritical Hopf bifurcation and (b) a 
subcritical Hopf bifurcation.42 
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1.4.2.1 Supercritical Hopf Bifurcation 
 
A supercritical Hopf bifurcation will cause the emergence of stable oscillations, where a 
limit cycle grows from the point attractor as a response to the change of the control parameter 
(Figure 1.7(a)). At the bifurcation point, the radius of the limit cycle, or the amplitude of the 
oscillations is virtually zero, and will increase linearly with √−
𝑐
. However, if the control 
parameter was decreased back to the bifurcation point, the qualitative change of the system’s 
behavior (disappearance of oscillations) would occur at the same value and thus, no hysteresis 
would be observed.40,42 
1.4.2.2 Subcritical Hopf Bifurcation 
 
In contrast to the supercritical type, there is no gradual onset of the amplitude of the 
oscillations. Instead, the point attractor suddenly jumps into a limit cycle, which leads to non-zero 
amplitude oscillations. Before the bifurcation point, the stable steady state co-exists with an inner 
unstable limit cycle, and an outer stable one, see Figure 1.7(b). As the bifurcation parameter 
approaches the critical value, the unstable limit cycle shrinks and eventually becomes engulfed by 
the steady stable state. Thus, when  = c, the steady stable state then becomes unstable, also known 
as the point repeller. However, the outer limit cycle is still stable, so the oscillations are able to 
continue to develop in the system. Since there are two attractors (stable steady state and the outer 
limit cycle) prior to the bifurcation point, the system cannot revert back to its original characteristics 





Figure 1.7. The phase space representation of the growth and evolution of a limit cycle in 
(a) supercritical Hopf bifurcations, and (b) subcritical Hopf bifurcations.53  
1.4.3 Homoclinic Bifurcation  
 
The homoclinic bifurcation occurs when a stable limit cycle born from a Hopf bifurcation, 
and a saddle steady state connects to form oscillations of infinite periods when  = c.42 The 
coalescence process as a function of the bifurcation parameter in the phase space is shown in Figure 
1.8(a). As  approaches the critical value, the period of the oscillatory state increases 
logarithmically. However, when the bifurcation parameter is driven past c, a sudden disappearance 
of the oscillations takes place. The typical bifurcation diagram of the homoclinic bifurcation is 
depicted in Figure 1.8(b). To recall, linear stability analysis cannot be performed for homoclinic 








Figure 1.8. (a) Phase space representation of a limit cycle in a homoclinic bifurcation. (b) 
Generic bifurcation diagram of a homoclinic bifurcation. 40  
1.4.4 Application of Electrochemical Impedance Spectroscopy to Bifurcation Theory 
in Electrochemical Systems 
 
Electrochemical Impedance Spectroscopy (EIS) is a powerful analytical technique that is 
commonly used in the field of electrochemistry to characterize heterogeneous charge-transfer 
processes, such as corrosion and passivation processes.15,54–57 
Typically, an AC potential is applied to the electrode in the form of low-amplitude 
sinusoidal perturbations within a fixed range of frequencies. The excitation signal is expressed as:  
𝐸𝑡 =  𝐸0 sin(𝑡) 
where 𝐸𝑡 is the potential at a particular time, 𝐸0 is the perturbation amplitude, and  is the angular 
frequency ( = 2𝜋𝑓). The instrument then measures the current response (output signal) while 
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taking the phase shift () into consideration:  
𝐼𝑡 =  𝐼0 sin( 𝑡 +  ) 
Therefore, the impedance of the system can be expressed as 𝑍 =
𝐸𝑡 
𝐼𝑡
. Impedance is very similar to 
resistance, and thus retains the same units of ohm (). However, the major difference lies with the 
dependence on frequency for impedance. Typically, the impedance spectra can be represented in 








 The impedance response is typically from the working electrode-electrolyte interface, as 
other counterparts of the electrochemical cell produces negligible impedances. One of them is the 
uncompensated solution resistance, designated as Rs, and can be described as an ohmic resistor 
connected in an electric circuit. The current that passes through the circuit can be passed through 
the double layer capacitance Cd (non-faradaic), or a result of the faradaic processes (oxidation or 
reduction) that produce a faradaic impedance (Zf).59 
In nonlinear electrochemical systems, EIS can be used to analyze or detect local 
bifurcations (i.e., saddle-node and Hopf). The impedance spectrum represents the linearized 
response over a frequency range, and thus, can make assessments of the stability of the system.40 
If the system intersects on the complex impedance plane at a finite frequency, this refers to the 
presence of a Hopf bifurcation, if it is at a zero frequency, then it is a saddle-node bifurcation. 
More recently, Strasser, Eiswirth and Koper developed the classification scheme of 
electrochemical oscillators on the basis of the mechanistic roles of the double layer potential and 
chemical species, and as well as the behavior of the obtained impedance spectrum.60 The three 
primary identified classes are the N-NDR, HN-NDR, and S-NDR oscillators, where the presence 
of the negative differential resistance (NDR) is the common feature among the three. 
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1.5 Classification of Electrochemical Oscillators 
1.5.1 Negative Differential Resistance  
 
Undoubtedly, the most common prerequisite of electrochemical oscillations is Negative 
Differential Resistance (NDR).42,46,61,62 A NDR is characterized as the negative slope of a I-E 
dependence curve obtained at sufficiently slow scan rates. However, the presence of a negative 
slope alone is not an objective confirmation that the system is able to exhibit oscillatory behavior. 
In fact, there are many sources that cause a decrease in the current response but do not necessary 
produce dynamical instabilities. Some of the proposed processes that result in a NDR and the 
emergence of oscillations are highlighted below based on the factors affecting the current response.  
𝐼 = 𝑛𝐹𝐴𝑘(𝐸)𝑐(0) 
The faradic current is given by  the number of electrons involved in the electron transfer process 
(𝑛); Faraday’s constant (𝐹); the surface area of the working electrode (𝐴), the potential-dependent 
heterogeneous rate constant (𝑘(𝐸)), and the surface concentration of the electroactive species 𝑐(0). 
40,42,61 
1. A negative dA/dE slope is typically caused by the potential-dependent adsorption of an 
inhibitor or the passivation of the electrode surface. In both cases, the number of active 
sites available for the electrocatalytic reaction is reduced, which gives rise to the 
negative current response.  
2. A negative k(E)/dE slope corresponds to the potential-dependent desorption of a 
catalyst that facilitates the electro-oxidation or electro-reduction reaction. The 
potential-dependent adsorption of an non-ideal inhibitor (that does not completely 
block the surface) is another example that falls into this category, as it decreases the 
rate of electron-transfer. 
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3. A negative kc(0)/dE slope can be explained by the Frumkin effect, where the 
concentration of the chemical species at the double layer is different than in the bulk 
when the concentration of the electrolyte is low. 
1.5.1.1 N-shaped Negative Differential Resistance  
 
The N-shaped Negative Differential Resistance (N-NDR) or Class III oscillators are 
widespread in electrochemical systems, such as the reduction of In3+at the hanging mercury drop 
electrode in the presence of SCN-,63 the reduction of H2O2 at Pt,64 and the electrodissolution of Fe 
in H2SO4 to name a few.65 N-NDR oscillators will produce a linear sweep voltammogram (LSV) 
that resembles the letter “N” due to the presence of a negative impedance branch (Figure 1.9(a)), 
46,62 which is also demonstrated in a complex impedance spectrum, Figure 1.9(c).60 Here, the system 
intersects with the real axis at a negative impedance. 
 The oscillations belonging to the N-NDR class can only occur in the current at constant 
applied potentials on the negative branch with the presence of an ohmic external resistance (Figure 
1.9(b)).60,66 Otherwise, the current response remains in a stable steady state and oscillations do not 
emerge. However, there is an upper and lower limit of the resistance; so an appropriate resistance 
size must be introduced in the electrochemical circuit. Under galvanostatic control, the system is 
capable to exhibit bistability but not potential oscillations.42,46,66 
 With respect to the mechanism, the autocatalytic variable that is involved in the fast 
positive feedback loop is the electrode potential, while the concentration of the electroactive species 




Figure 1.9. (a) A typical LSV in the absence of an external resistor, (b) LSV in the presence of a 
sufficiently large external resistor and (c) Nyquist plot of an N-NDR electrochemical oscillator.46,60 
1.5.1.2 Hidden N-shaped Negative Differential Resistance 
Over the years, many researchers have reported simple and complex electrochemical 
oscillations that belong to the Hidden N-shaped Negative Differential Resistance (HN-NDR) or 
Class IV type. These systems include but are not limited to the oxidation of ethylene glycol,67 
formic acid,68 sulfite,69 and methanol on Pt surfaces.32 Arguably, the most well-known example 
would be the oxidation of formic acid on Pt electrodes. These HN-NDR oscillators contain a 
negative impedance that is undetectable in the stationary polarization curve, as it is hidden or 
masked by a characteristic positive slope (Figure 1.10(a)).60,62 The concealed negative impedance 
can however be uncovered through impedance investigations at applied potentials along the 
positive branch.62 Figure 1.10(c) shows a typical Nyquist plot of a HN-NDR electrochemical 
oscillator, where the system crosses the positive and negative imaginary axis and terminates at a 
positive real impedance. Negative impedance responses occur at a wide range of relatively high 
and intermediate frequencies, while the positive impedance at a zero-frequency indeed is reflective 
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of the positive slope observed in the LSV. It has been proposed that the coupling of fast negative 
impedance processes and a slow positive impedance process is required for the emergence of HN-
NDR oscillations.61  
One of the marked contrasts between the HN-NDR and the classical N-NDR system is the 
ability to exhibit both potentiostatic and galvanostatic oscillations, whereas the latter can only 
oscillate in the current.46 For oscillations at potentiostatic conditions, the presence of a sufficiently 
high resistor must be inserted in the circuit in order to destabilize the system (Figure 1.10(b)).66 
However, the emergence of galvanostatic oscillations does not necessarily require any external 
resistor inserted, and are also typically found on the positive slope of the I-E curve.42 
On a mechanistic basis, the essential variables remain the same for HN-NDR and the N-
NDR oscillators, in which the double layer potential is the autocatalytic variable, and the chemical 
species acts as the inhibitory variable.60 
 
Figure 1.10. (a) A typical LSV in the absence of an external resistor, (b) LSV in the 




1.5.1.3 S-shaped Negative Differential Resistance 
 
The third NDR type is the S-shaped Negative Differential Resistance (S-NDR), where the 
double layer potential is the slow essential variable, and the chemical species participates in the 
fast positive feedback.60,70 These oscillations only arise in very specific or rare conditions, for 
example, when the surface area and the capacitance is effectively large.71,72 For this class, the source 
of instability is usually the potential-dependent electrode surface coverage of adsorbates with high 
interactions within the layer which experiences a phase transition between an ordered and 
disordered state.42,60  
The typical I-E dependence curve manifests itself as a S shape profile. At potentiostatic 
conditions, the system exhibits bistability without the presence of an ohmic resistance (Figure 
1.11(a)).60 However, with the insertion of sufficiently large resistors, the system is able to oscillate 
in the current (Figure 1.11(b)). In contrast to N-NDR types, potential oscillations under 
galvanostatic control could be observed. Some examples of oscillations belonging to the S-NDR 
class are the electrodeposition of Zn,73 and electro-oxidation of H2/CO in polymer electrolyte 
membrane fuel cells.72 
The impedance spectra obtained from EIS experiments of a S-NDR oscillator shows the 
system to cross the real impedance axis at a finite perturbation frequency, and conclude at negative 




Figure 1.11. (a) A typical LSV in the absence of an external resistor, (b) LSV in the 
presence of a sufficiently large external resistor and (c) Nyquist plot of an S-NDR oscillator.46,60 
1.5.2 Convection Mass Transportation 
 
Instabilities, such as oscillations in the response current or potential in electrochemical 
reactions, can arise through non-NDR mechanisms, one being convection mass transfer induced by 
hydrogen or oxygen gas evolution (depending on whether  it is an oxidation or reduction reaction).74 
Thus, the oscillations typically occur at higher anodic or cathodic potentials, past the limiting 
current plateau during the slow voltage scanning. At the minimum peak of the current oscillations, 
the O2 or H2 formation represses the electro-oxidation or electro-reduction of some species due to 
the growth and detachment of bubbles that generates a forced convection of the electroactive 
species. At maximum peaks, the electrochemical oxidation or reduction reaction of interest is the 
predominant process.74 
One method to determine whether the oscillatory behavior is caused by convection mass 
transportation is through the application of some form of agitation with a force larger or equal to 
the bubble evolution. Under such circumstances, the electroactive ions will be continually 
replenished at the working electrode, and the oxidation of hydroxide ions is negligible. Therefore, 
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the current response will be in steady stable state and no oscillations would occur. Some systems 
that were found to exhibit this behavior by Li and co-workers are the electro-reduction of Fe(CN)63- 
and S2O82- in NaOH on Pt electrodes.74 
1.5.3 Capacitance Mediated Positive Differential Resistance  
 
In recent studies, it has been proposed by Krischer and co-workers that the electroformation 
and electrodissolution of a current-inhibiting layer, such as a salt or an oxide, at the working 
electrode plays an important role in the emergence of electrochemical oscillations.71 In contrast to 
NDR types, oscillations belonging to the Capacitance Mediated Positive Differential Resistance 
(C-PDR) description occur at positive impedances for all frequency ranges, and are observed on 
the current plateau of a stationary I-E dependence curve in the absence of an ohmic resistor.  
 The surface film acts as a charge storage, where the capacitance is a function of the layer 
thickness and time. Thus, for C-PDR oscillators, the capacitance and the potential drop across the 
passive layer become the two essential variables involved in the feedback mechanisms. This model 
is especially relevant for many electrodissolution processes of certain metals and semi-conductors, 
such as InP,75 GaP,76 Cu,13 and Si.15,77–79 A highly cited example is the anodic dissolution of Fe in 
H2SO4,80–82 where under a certain range of applied potentials, an iron sulfate film is produced. 
1.6 Oscillatory Electro-oxidation of Sulfur Compounds 
 
Sulfur-containing compounds have been attractive to many topics of research, but 
especially in the study of nonlinear kinetics due to its ability to exhibit unique and exotic reaction 
behaviors, such as self-organization phenomena. This stems from the multiple oxidation states in 
which sulfur can exist in (-2, 0, +2, +4, and +6). 
Current and/or potential oscillations have been reported in redox reactions of many sulfur 
compounds. For example, Gao et. al described the emergence of oscillations under galvanostatic 
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and potentiostatic control during the electro-oxidation of thiosulfate on Au electrodes.83 Here, two 
distinct regions on the positive branch of  the stationary polarization curve were found to exhibit 
simple, and complex oscillations. Through impedance spectroscopy investigations, it was revealed 
that the oscillations were of the HN-NDR nature. Another oscillatory system that falls under the 
same category is the electro-oxidation of hydroxymethanesulfinate on Pt and Au.84 On Au 
electrodes, the dissolution of the surface that causes pitting seen through scanning electron 
microscopy (SEM) images was suggested to be most likely the dominant factor that causes the 
dynamical instabilities. Wang and his co-workers reported the HN-NDR oscillator in the electro-
oxidation of thiourea on a Pt electrode, and the influence of temperature on the reaction kinetics.85 
Complex oscillations were able to appear at lower reaction temperatures, and the frequency of the 
oscillations increased with increasing temperature. 
The electro-oxidation of sulfide on Pt electrodes in the presence of an external ohmic 
resistor was shown to oscillate in the current. In fact, these oscillations were determined to belong 
to both N-NDR and HN-NDR types, depending on the applied potential.86 A similar study was 
performed by Miller and Chen on a microstructured Ti/Ta2O5-IrO2 electrode.87 The current 
oscillations during the electro-oxidation of sulfite on Pt electrodes were of the N-NDR oscillator, 
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CHAPTER 2 – THE ELECTRO-OXIDATION OF BISULFITE IN ACIDIC MEDIA 
2.1 Introduction 
 
Driven by the scarcity and high cost of noble metal electrocatalysts, in recent years there have 
been increasing interests and demands in studying electrochemical reactions with carbon-based 
materials. In this study, the low-cost glassy carbon was selected as the working electrode to mediate 
the electrochemical oxidation of bisulfite, an oxidation process known to have important 
connections to the hybrid sulfur cycle, which is an efficient energy source that leads to the 
renewable and clean production of H2.1,2 Electrochemical impedance spectra show that the 
oxidation of bisulfite at the glassy carbon surface involves two reaction time scales and the 
existence of an inductive loop, similar to the behavior frequently seen in metal corrosion. 
Interestingly, the studied system does not only exhibit nonlinear instabilities, but also show 
qualitative dependence on the size of the deployed working electrode, offering a new model for the 
investigation of dynamic quorum sensing phenomena.  
Dynamic quorum sensing, known as the onset of synchronization of oscillatory behavior in 
many biological systems, has attracted a great deal of attention from scientists working in different 
fields.3-10  In the Belousov-Zhabotinsky (BZ) reaction,11 Showalter and co-workers reported that the 
global interactions between the beads oscillators could induce coordinated activity as a function of 
beads population.3,12 More recently, Kiss and his coworkers reported a population-dependent 
emergence of current oscillations in an electrochemical system during the dissolution of nickel, in 
which the number of anode wires acts like a control parameter similar to population density and 
ultimately determines the dynamical transition to coherence.13 Herein, we report the critical surface 
area size-dependent emergence of current and potential oscillations during the electro-oxidation of 
bisulfite on glassy carbon electrodes. The importance of surface area in electrochemical reactions, 
through its influence on the ohmic drop, has been well-documented in literature.14-16 However, we 
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are not aware of any experimental report that the electrode surface could act as a bifurcation 
parameter leading to consecutive transitions from a steady state to complex oscillations. 
In addition to the dynamic quorum sensing behavior, the study of chemical and electrochemical 
oscillators have made significant contributions towards the understanding of various complex 
phenomena encountered in nature.17 In recent years, considerable efforts have been made to the 
study of nonlinear instabilities in sulfur compounds due to their unique chemical properties and 
broad range of applications.18 The emergence of nonlinear instabilities was able to provide a new 
set of parameters to gain significant insights into the mechanistic pathway undertaken by these 
sulfur compounds reactions.19-21 Oscillations in the potential and current have recently been 
reported during the electrochemical oxidation of sulfur dioxide, sulfite, and other several sulfur-
containing compounds, such as thiosulfate, sulfide, and thiourea.22-26 
Autocatalytic or autoinhibition reactions have been known to be the essential processes in the 
homogeneous chemical oscillators.11 In the heterogeneous electrochemical reactions, on the other 
hand, mechanistic studies suggest that the presence of a negative differential resistance is critical. 
Based on that, Strasser and coworkers proposed a classification scheme for the electrochemical 
oscillations.27 Many reported electrochemical oscillators are recognized as N-shaped Negative 
Differential Resistance (N-NDR) or Hidden N-shaped Negative Differential Resistance (HN-NDR) 
types, in which the double layer potential (φ) is an essential variable providing the fast necessary 
positive feedback loop, while the concentration of the electroactive species assumes the role of an 
inhibitor and supplies the slow negative feedback loop.17,27  It has also been demonstrated that 
oscillatory behavior could arise in systems with convection mass transfer or capacitance mediated 




2.2 Experimental Procedures 
 
 All experiments were conducted on a CHI 760E electrochemical workstation (CHI 
Instruments, Texas, US) using a conventional three-electrode figuration. A silver/silver chloride 
(Ag/AgCl, 4 M KCl) was employed as the reference electrode, and a Pt film (Shanghai Ruosull 
Technology) served as the counter electrode. The surface area of glassy carbon electrodes (GCE) 
was controlled by either partially covering up a 3.0 mm diameter GCE or combining various 1.0 
mm and 3.0 mm diameter GCEs. All potentials reported in this study is versus Ag/AgCl. The GCE 
working electrodes were polished with fine alumina powder (0.3 um, and 0.05 um), and were 
sonicated to remove any particle residues on the surface. The electrode was thoroughly rinsed 
before use. All solutions were prepared with double distilled water and was used immediately for 
experiments. Sodium bisulfite (NaHSO3) was purchased from Sigma Aldrich. These chemicals 
were used as received without further purification. The solution volume was held constant at 80.0 
mL and reactions were conducted at room temperature of 20°C ± 1°C. H2SO4 and HNO3 stock 
solutions were purchased from ACP Chemicals Inc., and HCl was purchased from EMD Millipore. 
2.3 Results and Discussion 
2.3.1 pH Dependence of the Reaction Behavior 
 
The behavior and mechanism of the electrochemical reaction is determined by the 
electroactive S(IV) species in solution. In acidic conditions (pH < 1.85) the dominant species is 
H2SO3, which is present in solution as dissolved sulfur dioxide, SO2(aq). When the solution pH is 
maintained between 1.85 and 7.20, bisulfite ions (HSO3-) is dominant. In alkaline solutions, (pH > 
7.20) the major active species is the sulfite ion, SO32-. The dissociation reaction and the equilibrium 




(1) SO2(gas) + H2O → H2SO3 → SO2(aq)  




 = 1.4125 x 10-2  [32-33] 





  = 6.300 x 10-8   [32-33] 
 Changes in the solution pH and the active species ultimately changes the standard redox 
potential and rate of the observed reaction. The formation and participation of the acidic and basic 
surface oxides results in potential differences for the S(VI) oxidation and the oxygen evolution 
reaction.34 The standard potential values for the oxidation of dissolved sulfur dioxide, bisulfite, and 
sulfite are given in Table 2.1. The general trend of the decrease of standard potentials with 
increasing pH can also be explained by relating to the Gibb’s free energy. 
Δ𝐺0 = −nF𝐸0 (1) 
Here, n is the number of electrons involved in the charge-transfer process, and the other variables 
retain their usual meanings. The standard cell potential is proportional to the free energy associated 
with the electro-oxidation reaction and is different for each of the S(IV) compounds due to its 
chemical structure and properties.  
In this study, the solution pH was measured to be 1.66 when 0.1 M H2SO4 was used as the 
electrolyte with 0.3 M of NaHSO3. According to literature, in such an acidic solution, the dominant 
species of NaHSO3 solution is H2SO3. Therefore, the electrochemical reaction process and 
mechanism discussed in the subsequent discussions will be likely arising from the electro-oxidation 






Reaction  E0 vs. SHE (V) 
I SO2(aq) + 2H2O  SO42- + 4H+ + 2e- 0.158 
II HSO3- + H2O  SO42- + 3H+ + 2e- 0.105 
II SO32- + H2O  SO42- + 2H+ +2e- -0.108  
 
Table 2.1. Electrochemical oxidation reactions of S(IV) species and their standard redox 
potentials.32 
2.3.2 Critical Surface Area Dependence of the Reaction Behavior 
 
The linear potential sweep curve of a GCE in the above solution (0.3 M NaHSO3 + 0.1 M 
H2SO4) is shown in Figure 2.1, in which the applied scan rate is 0.5 mVs-1. Under such a slow 
voltage scanning, the obtained result provides a useful overview on what types of reaction 
behaviors may be obtained under potentiostatic conditions. It is particularly effective in identifying 
the potential window over which nonlinear instabilities may exist. Figure 2.1(a) illustrates that 
onset of the oxidation occurs at approximately 0.8 V, where the current density continuously 
increases until a current plateau is reached (1.5 V – 1.8 V). Notably, using a GCE with a larger 
surface area in Figure 2.1(b), oscillations in the current density emerge at 1.2 V on the positive 
slope of the LSV and the oscillatory behavior extends beyond the plateau. According to literature, 
the occurrence of oscillations at a positive LSV branch may be connected to the presence of a 
hidden negative differential resistance (HN-NDR).27,35 The smooth transition from a stable steady 
state to an oscillatory regime seen in the voltammetric profile indicates that it is likely a supercritical 
Hopf bifurcation. The decrease in the current response on the negative slope reflects a strong and 
rapid adsorption of SO42-, which ultimately hinders the oxidation of H2SO3 at the occupied sites of 
the GCE.23 At the applied potentials above 1.8 V, bubble formation became visible and the 
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oscillatory behavior observed at such conditions was likely associated with the oxidation of water 
(i.e., the oxygen evolution reaction). Thus, these oscillations could be induced by convection-
enhanced mass transfer, rather than the NDR-type nonlinear instability.   
 
Figure 2.1. Potentiodynamic curves of 0.3 M NaHSO3 in 0.1 M H2SO4. The scan rate was 0.5 mVs-
1. The surface areas of the GCE employed are (a) 0.79 mm2 and (b) 7.07 mm2. 
LSVs in Figure 2.1 illustrates the qualitative effects of GCE surface area on the reaction 
behavior (i.e., stable vs. oscillatory oxidation). To further investigate such a qualitative dependence 
of the oxidation of H2SO3, potentiostatic experiments were conducted with several GCEs of 
different surface areas, where the applied potential of 1.5 V was selected, which was within the 
oscillatory domain seen in Figure 2.1(b). At a surface area size of 0.79 mm2 (Figure 2.2(a)), the 
current response showed a stationary state that was observed to steadily decay over time. When the 
surface area was increased to 3.54 mm2, the system exhibited an abrupt transition to an oscillatory 
state with small amplitudes (Figure 2.2(b)). At 7.07 mm2, periodic oscillations emerged with large 
amplitudes (0.028 mA mm-2), see Figure 2.2(c). More interestingly, as seen in Figure 2.2(d) and 
2.2(e), the surface area size also acted as a bifurcation parameter that led to complex oscillations. 
A transition from simple periodic oscillations to torus oscillations was presented in Figure 2.2(d), 
where the surface area was slightly increased to ~ 7.85 mm2. At 14.10 mm2 (Figure 2(e)), the system 
exhibited different quasi-periodic oscillations with large amplitudes. 
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Considering that each active site at the GCE working electrode may be viewed as a nano-
sized reactor, which are coupled through mass transportation in the solution phase as well as 
possible free electron migration inside the electrode, the qualitative change in the recorded reaction 
behavior as a result of increasing surface area (i.e., population number) resembles the dynamic 
quorum sensing phenomena encountered in nature.3-10 Similar quorum behavior in chemical 
systems had been explored by Showalter and co-workers using chemical beads and by Kiss et. al. 
with coupled individual electrodes. For the system studied here, the critical population threshold is 
determined by the surface area size (i.e., the total number of active sites) and a minimum surface 
area must be exceeded for the observation of oscillatory phenomenon.  
 It is well-known that the surface area of a working electrode ultimately determines the size 
of the ohmic drop (IR). Typically, the ohmic drop increases with increasing electrode radius. While 
it may be true that larger electrodes provides the sufficiently large uncompensated ohmic drops 
necessary for the onset of electrochemical oscillations, it is  solely the surface area, or the 
population density of the nanoreactors, that contributes to the transition to oscillatory behavior in 
this studied system. Time series with a 0.79 mm2 electrode with the insertion of an external resistor 
to mimic the ohmic drops of a large 7.07 mm2 electrode reveals the current response is in stable 
steady state and no oscillations appear. Furthermore, when IR compensation mode was applied for 
the time series with a 7.07 mm2, the oscillations still appear. This shows that the emergence of 
oscillations during the electro-oxidation of bisulfite in acidic media occurs only when the surface 




Figure 2.2. Time series under the potentiostatic control of 1.5 V with GCEs of varying surface area 
sizes: (a) 0.79 mm2, (b) 3.54 mm2, (c) 7.07 mm2, (d) 7.85 mm2, and (e) 14.10 mm2. The solution 




2.3.3 Dependence of the Oscillatory Behavior on Reaction Conditions  
 
At a fixed electrode surface area, effects of the applied potential on the current oscillations 
were examined in Figure 2.3, where the electrode surface area was 7.07 mm2 and the solution 
consisted of 0.3 M NaHSO3 and 0.1 M H2SO4. At potentials of 1.0 V or lower, no discernable 
oscillations could be observed (time series (d)). Dynamical instabilities emerged with periodic 
characteristics when the applied potential was 1.2 V (time series (c)). The frequency and the 
amplitude of the oscillations increased with increasing the applied potential from 1.2 to 1.6 V, as 
seen in time series (c) to (a). When the applied potential was further increased to 1.8 V, oscillations 
still existed. However, visible bubbles began to form at the working electrode. 
 
Figure 2.3. Time series under the potentiostatic control of: (a) 1.6 V, (b) 1.4 V, (c) 1.2 V, and (d) 
1.0 V. The solution contained 0.3 M NaHSO3 and 0.1 M H2SO4. 
The dependence of the current oscillations on the concentration of the starting reagent 
NaHSO3 is shown in Figure 2.4, in which the applied potential was kept constant at 1.5 V with 
NaHSO3 concentrations ranging from 0.2 M to 0.5 M. At relatively high concentrations (0.3 M – 
0.5 M), sustained oscillations with various frequencies and amplitudes were observed. Waveforms 
at the concentrations of 0.4 M and 0.5 M occurred with similar higher frequencies (~ 0.13 s-1), as 
opposed to the oscillations occurring at 0.3 M with approximately 0.11 s-1. However, the 
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oscillations at 0.3 M have the largest amplitude of around 0.028 mA mm-2. At 0.2 M and below, 
the system was at a stable steady state, where no oscillations took place (Figure 2.4, time series 
(d)). 
 
Figure 2.4. Time series under the potentiostatic control of 1.5 V with varying concentrations 
of NaHSO3: (a) 0.5 M, (b) 0.4 M, (c) 0.3 M and (d) 0.2 M. The concentration of H2SO4 was 0.1 M.  
In the absence of any supporting electrolyte, the electro-oxidation of HSO3- ions were able 
to exhibit irregular nonlinear instabilities. The effect of the concentration of the H2SO4 electrolyte 
on the current oscillations is illustrated in Figure 2.5. Sustained periodic oscillations are observed 
within a small range of H2SO4 concentrations, between 0.05 M and 0.1 M. At 0.05 M, quasi-
periodic oscillations, also known as torus oscillations emerge. As the concentration is increased to 
0.1 M, large amplitude oscillations occur at high frequencies. However, when the concentration of 





Figure 2.5. Time series under the potentiostatic control of 1.5 V with varying concentrations 
of H2SO4: (a) 0.0 M, (b) 0.05 M, (c) 0.1 M, and (d) 0.2 M. The concentration of NaHSO3 was 0.3 
M. 
Figure 2.6 shows the effect of various types of acidic electrolytes on the reaction behaviors 
during the oxidation of HSO3-. In sulfuric acid, which is also the oxidation product, aqueous sulfur 
dioxide is the dominant active species and is responsible for the faraday current response. The 
sustained current oscillations have large and uniform amplitudes (0.015 mA mm-2) and occur at a 
frequency of 0.11 s-1. When HSO3- is dissolved in HCl, aperiodic oscillations emerge, see Figure 
2.6(b). Within the studied potential range, chloride ions are electrochemically inactive, so SO2(aq) 
is still the major species participating in the oxidation reaction. Periodic oscillations also emerge in 
nitric acid, HNO3, but the amplitudes are smaller by almost 3-fold (0.0055 mA mm-2) compared to 
those of in H2SO4 solutions. Such a significant change may be partially understood based on the 
chemical reactions between HSO3- and  HNO3. It is observed during our experiment that the strong 
oxidant HNO3 can chemically oxidize HSO3- to SO42- upon contact. Simultaneously, HNO3 is 
reduced to gaseous NO2. The loss of some of the starting reagent prior to any electrochemical 
experiments may account for in Figure 2.6(c), where the average current density is lower than those 




Figure 2.6.  Time series under the potentiostatic control of 1.4 V with different acids as the 
supporting electrolyte: (a) 0.1 M H2SO4, (b) 0.1 M HCl, and (c) 0.1 M HNO3. The concentration of 
NaHSO3 was 0.3 M. 
Further investigations using cyclic voltammetry (CV) reveal that when bisulfite is dissolved 
in equimolar HNO3, the dominant species remains to be SO2(aq), as the oxidation peak overlaps the 
peak of a solution containing H2SO4, see Figure 2.7(a). In Figure 2.7(b), the oxidation peaks for 
SO2(aq), and HSO3- are observed at 1.58 V, and 1.45 V, respectively, see curve (ii) and (i). The above 
experimental potentials for the oxidation of SO2(aq) and HSO3- agree well with the trend reported in 
Table 2.1. The oxidation peak for the solution of 0.3 M NaHSO3 in 0.1 M HNO3 occur at 1.7 V 
(iii), which suggests that the oxidation process is likely a combination of SO2(aq) and, possibly, the 
dissolved NOx and not of another S(IV) species, such as SO32-, since the oxidation of SO32- would 




Figure 2.7. Cyclic voltammograms of (a) 0.3 M NaHSO3 in 0.1 M H2SO4 and (b) Cyclic 
voltammograms of 0.3 M NaHSO3 in (i) 1.0 M KCl, (ii) 0.1 M H2SO4, and (iii) 0.1 M HNO3. The 
scan rate was 100 mVs-1. 
A further comparison of the reaction behaviors of HSO3- in HCl electrolytes were made in 
Figure 2.8, which shows the current time series under the applied potentials of 1.0 – 1.6 V. At 1.0 
V and below, the current is in a stable steady state as no oscillations emerges. When the applied 
potential increases to 1.2 V, small instabilities are observed. As the applied potential continues to 
increase, the amplitude of these irregular oscillations increases as well. No periodic oscillations 






Figure 2.8. Time series under the potentiostatic control of: (a) 1.6 V, (b) 1.4 V, (c) 1.2 V, 
and (d) 1.0 V. The solution contained 0.3 M NaHSO3 and 0.1 M HCl. 
The potentiostatic time series within the same range of applied potentials in a solution 
containing HSO3- and HNO3 is depicted in Figure 2.9. Similarly, at low applied potentials such as 
1.0 V, no dynamical instabilities occur. In contrast to the H2SO4 electrolytes, the oscillations are 
able to demonstrate higher complexity, as period-doubling phenomena are observed at 1.6 V. 
However, the period-2 oscillations are only transient and are viable for the first 750 seconds of the 
reaction time. The results obtained during the oxidation of bisulfite in H2SO4, HCl, and HNO3 
indicate that anions of the supporting acidic electrolyte also play an important role in the nonlinear 
reaction behaviors. 
 
Figure 2.9. Time series under the potentiostatic control of: (a) 1.6 V, (b) 1.4 V, (c) 1.2 V, 
and (d) 1.0 V. The solution contained 0.3 M NaHSO3 and 0.1 M HNO3. 
46 
 
Potentiostatic experiments involving hydrodynamic effects were conducted with a glassy 
carbon rotating disc electrode (RDE) at various rotating speeds, as shown in Figure 2.10. A RDE 
provides forced convection, which increases mass transportation of the SO2(aq) molecules to the 
surface of the electrode, resulting in a higher net of the faradaic current density. At 500 rpm, 3000 
rpm, and 5000 rpm, the oscillations become more complex, with substantially larger amplitudes, 
compared to the simple periodic oscillations observed when the electrode is stationary. Thus, the 
diffusion layer is not critical for the emergence of current oscillations, since the convection 
effectively decreases the thickness of the diffusion layer. This result is in agreeance with NDR 
oscillators, and also eliminate the possibility that the studied system belongs to the C-PDR 
oscillator. 
 
Figure 2.10. Time series under the potentiostatic control of 1.5 V using a rotating disc electrode 
with varying speeds: (a) 3000 rpm, (b) 5000 rpm, and (c) 500 rpm. The solution contained 0.3 M 
NaHSO3 and 0.1 M H2SO4. 
2.3.4 Mechanistic Characterization  
 
Electrochemical impedance spectroscopy has provided an effective tool to characterize 
oscillations in electrochemical systems.12,23 In this study, the impedance spectra of a GCE in the 
0.3 M NaHSO3 and 0.1 M H2SO4 solution have been measured at the applied potentials of 0.9 V, 
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1.0 V, 1.1 V, 1.2 V, 1.35 V and 1.4 V, which are all located on the positive branch of the LSV 
shown in Figure 2.1. At the potentials of 1.0 V, 1.1 V, 1.2 V, and 1.35 V, in each of the EIS spectra, 
two well-defined capacitive loops are present at high and intermediate frequencies, followed with 
an inductive loop at low frequency domains, see Figure 2.11. The presence of the first capacitance 
loop is associated with the charge transfer process of the oxidation of sulfur compounds and its 
radius decreases with the increase of the applied potential, consistent with the expectation that the 
rate of charge transfer is enhanced at higher potentials. The inductive loop seen at 1.0 V, 1.1 V, 1.2 
V, and 1.35 V may be associated with the electrode surface relaxation of the adsorbed intermediate 
product species.36-37  A dramatic change occurred in the EIS as the applied potential reached 1.4 V, 
where the impedance response crossed the negative impedance axis at a moderate frequency, 
exhibiting the feature of a hidden negative differential resistance. Note that the resistance at the 
intersection is around 50 Ω. The characteristics of these obtained EIS suggest that this new 




Figure 2.11. Nyquist plots during the oxidation of 0.3 NaHSO3 in 0.1 H2SO4 at a GCE at 
the applied potentials of: (a) 0.90 V, (b) 1.0 V, (c) 1.1 V, (d) 1.2 V, (e) 1.35 V, and (f) 1.4 V. The 
frequency range was from 1.0 x 105 Hz to 0.001 Hz. The perturbation amplitude is 0.005 V. 
To further demonstrate that the onset of electrochemical oscillations is dependent on the 
electrode surface area size, additional electrochemical impedance spectroscopy experiments were 
performed with a 0.79 mm2 electrode at the applied potentials of 1.1 V, 1.2 V, 1.35 V, and 1.4 V, 
see Figure 2.12. When the potential is held at 1.1 V – 1.35 V, similar impedance spectra were 
produced when comparing between the two electrode surface area sizes, 7.07 mm2 and 0.79 mm2. 
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However, a noticeable difference in the impedance behavior can be discerned at 1.4 V, see Figure 
2.12(d). With a smaller surface area of 0.79 mm2, the HN-NDR characteristics, which was observed 
with a 7.07 mm2 GCE, do not appear in the impedance spectrum. Instead, the Nyquist plot shows 
a behavior analogous to the previous applied potentials, with two-capacitance loops, and the 
formation of an inductive loop. The results in Figure 2.12 was found to agree with Figure 12.1(a) 








Figure 2.12. Nyquist plots during the oxidation of 0.3 M NaHSO3 in 0.1 M H2SO4 at a GCE 
at the applied potentials of: (a) 1.1 V, (b) 1.2 V, (c) 1.35 V, and (d) 1.4 V. The employed GCE 
surface areas were: (i) 7.07 mm2 and (ii) 0.79 mm2. The frequency range was from 1.0 x 105 Hz to 
0.001 Hz. The perturbation amplitude is 0.005 V. 
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2.3.5 Surface Characterization  
 
The GCE was characterized by scanning electron microscopy (SEM) to gain insights into 
the possible surface modification accompanied with the HSO3- oxidation in H2SO4 solution. SEM 
images were taken of a pristine GCE and surface and after 1 hour of the oxidation of NaHSO3 in 
H2SO4 at an applied potential of 1.5 V, which revealed no considerable morphological changes 
occurred. At a high magnification of 5000x, both images show a bare, smooth surface of the GCE, 
see Figure 2.13. The nanoscopic scratches observed at a 5000x magnification are caused by the 
polishing processes and are essentially negligible.  
 
Figure 2.13. Scanning electron microscopy images of (a) a bare GCE and (b) a GCE after 
1 hour of the oxidation of 0.3 M NaHSO3 in 0.1 M H2SO4. 
Energy dispersive x-ray spectroscopy (EDS) measurements were also taken of the GCE 
surface and is shown in Figure 2.14, which C is the major element by weight, 99.37% with trace 
amounts of O (0.53%). The remaining peak (F) in the spectra is not significant, as they contribute 






Figure 2.14. EDS spectra taken at the GCE surface after 1 hour of the oxidation of 0.3 M 
NaHSO3 in 0.1 M H2SO4. 
2.3.6 Potential Oscillations  
 
For the HN-NDR electrochemical oscillators, the system is expected to also exhibit 
oscillations in potential (i.e., at galvanostatic conditions). Figure 2.15 depicts a typical 
galvanodynamic sweep between 0 mA mm-2 – 0.56 mA mm-2 under a slow scan rate of 2.1 x 10-5 
mA mm-2 s-1.  Small amplitude instabilities emerged around 0.26 mA mm-2 and gradually developed 
into large amplitude oscillations. As the applied current exceeded 0.51 mA mm-2, the system returns 
to the stable steady state (past 2.0 V). This slow scan simulated galvanostatic conditions as an 




Figure 2.15. Galvanodynamic curve of 0.3 M NaHSO3 in 0.1 M H2SO4 between 0.0 mA 
mm-2 – 0.56 mA mm-2. The scan rate was 2.1 x 10-8 mA mm-2 s-1. 
Figure 2.16 shows the galvanostatic time series under varying applied current densities. It 
was found that at 0.14 mA mm-2, no dynamical instabilities were observed. As the applied current 
increased to 0.28 mA mm-2, simple oscillations with a frequency and amplitude of 3.2 mV and 
0.077 s-1 emerges. The frequency and amplitude of the potential oscillations increased with 
increasing applied current densities. It is important to note that the surface area size used was 7.07 
mm2 for the current density sweep and the time series, Figure 2.15 and 2.16, respectively. 
 
Figure 2.16. Time series under the galvanostatic control of: (a) 0.50 mA mm-2, (b) 0.35 mA mm-2, 




The population density-dependent dynamics that gave rise to global coherence in the 
potential was explored in Figure 2.17 at the constant current density of 0.5 mA mm-2. Figure 2.17(a) 
presents the time series where the surface area of the working electrode was 1.57 mm2. The 
potential response exhibited no dynamical instabilities. At 3.54 mm2, the transition from a 
stationary state to an oscillatory state was observed. When the surface area of 7.07 mm2 was 
employed in Figure 2.17(c), harmonic oscillations with large amplitudes (~ 17 mV) were obtained. 
At the surface area of 7.85 mm2, a similar oscillatory pattern to that seen in Figure 2.17(c) could be 
seen, but with smaller amplitudes of approximately 8.0 mV (Figure 2.17(d)). A further increase of 
the surface area resulted in a transition from periodic oscillations to quasi-periodic torus oscillations 
(Figure 2.17(e)). This quorum sensing phenomenon experienced under galvanostatic conditions is 




Figure 2.17. Time series under the galvanostatic control of 0.5 mA mm-2 with GCEs of varying 
surface area sizes: (a) 1.57 mm2, (b) 3.54 mm2, (c) 7.07 mm2, (d) 7.85 mm2, and (e) 14.10 mm2. 




2.3.7 Formation of Sulfur 
 
 A notable feature of this system is the accompanied formation of elemental sulfur 
through the reduction processes at the counter electrode (CE). Significantly, properties of the sulfur 
compounds products vary depending on the concentration of H2SO4 used. In lower concentrations, 
during the oxidation of SO2(aq) at the working electrode, yellow sulfur is formed and is evidenced 
with the solution turning yellow, see Figure 2.18(b). The oxidation product, SO42-, as a cause of the 
solution to turn yellow can be ruled out due to the absence of color change during the oxidation of 
HSO3- in neutral media. High concentrations of H2SO4 produces white sulfur at the CE, as shown 
in Figure 2.18(a). However, the white sulfur was observed to accumulate and remain near the Pt 
CE for a couple hours after the reaction was completed before dissolving in the solution gradually 
over time. The exact form of the sulfur allotropes formed in either conditions have not been 
elucidated. However, according to literature, sulfur molecules typically exists as chains, rings, or 
both.39 When Sn 6 < n < 12, the configuration will likely be a ring structure in all phases.39 S4 and 
S5 can be expected to be rings or chains, depending on the phase.39 The ring and chain structures 
will vary significantly in terms of chemical and physical properties. For example, all ring structures 
are known to be yellow in color.39 Therefore, in lower concentrations of H2SO4, the polyatom sulfur 
that was formed is most likely S6 – S12. In aqueous solutions, it is also probable that the yellow 
sulfur is a form of polysulfide ions of various chain lengths, since they are commonly characterized 
by a pale yellow color.39 These compounds establish and participate in equilibrium where it forms 
complex mixtures with all members, making it difficult for separation and analysis.39-41 However, 
the formation of polysulfides is less likely in this system, as the reported polysulfides are stable in 
alkaline or near neutral media.40,41 For the white sulfur, as seen in higher concentrations of H2SO4, 
not many studies have been reported on sulfur with such characteristics. There is one mention, 
however, of a white sulfur compound, known as -sulfur, which is a mixture of sulfur species that 




Figure 2.18. Changes to the solution after 1 hour of the oxidation reaction when it contains (a) 0.3 
M NaHSO3 in 0.35 M H2SO4 and (b) 0.3 M NaHSO3 in 0.1 M H2SO4. 
2.4 Conclusions  
 
This study uncovers the qualitative dependence of the electro-oxidation of NaHSO3 on the 
surface area of glassy carbon working electrode, providing a new model system for the 
investigation of dynamic quorum sensing phenomena. Electrochemical oxidation of HSO3-
/SO2/SO32- have been widely investigated throughout the years and the general oxidation processes 
that lead to the formation of sulfate have been proposed to involve a two-electron transfer: HSO3- 
+ H2O ↔ 3H+ + SO42- + 2e-. A plot of the anodic peak current versus the square root of the scan 
rate showed that the R2 was determined to be 0.97664, see Figure 2.19(a). Furthermore, a plot of 
the anodic peak current against the scan rate gave rise to a R2 of 0.93219 (Figure 21.9(b)). Thus, 
the oxidation of bisulfite in sulfuric acid at the GCE is likely both diffusion and kinetic controlled 
since neither plot gave a linear proportionality. During the reaction, a number of sulfur and oxygen 
containing species can be formed at the interface, resulting in possible several adsorption processes 
at the GCE. One of the first adsorption process reported by Hunger and Lapicque involves the 
sulfite ion:43 HSO3- → SO32-ads + H+; SO2(aq) → HSO3- ads + H+. Intermediate species such as S2O5 
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and SO3- are also speculated to possibly be other compounds to be adsorbed and give rise to the 
inductive loops observed in the impedance spectra. To account for the film capacitance (Cf) and 
the film resistance (Rf) arising from these soft adsorbed intermediate species layer at the GCE, an 
equivalent circuit of the electrode/electrolyte interface has been proposed in Figure 2.20. The circuit 
also consists of a solution resistance (Rs), and double layer capacitance (Cd) that is in parallel with 
its corresponding resistance (Rd). The overall characteristics of the simulated impedance spectrum 
share close similarities (two capacitance and one inductive loop) with the impedance spectrum that 
was obtained experimentally, confirming the importance of the adsorption of intermediate products. 
 
Figure 2.19. A plot showing (a) the square root of the scan rate and the anodic peak current 
density and (b) the scan rate and the anodic peak current density during the electro-oxidation of 0.3 
M NaHSO3 in 0.1 M H2SO4 at the GCE.  
Time series obtained under constant potential or constant current conditions illustrate that 
the mode, frequency and amplitude of the observed oscillations are affected by various control 
parameters, including NaHSO3 concentration and surface area of the GCE electrode. Under certain 
conditions, the system even showed the tendency of undergoing further bifurcations to exhibit 
complex oscillations. The linear potential scan and characteristics of the corresponding EIS suggest 
that this system belongs to the HN-NDR type oscillator. This work highlights exciting aspects of 
dynamic quorum sensing in a simple chemical system. It opens to further investigations to develop 
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a deeper understanding of the global interactions that give rise to the synchronization of oscillations 
and the possible implications to electrochemical detection. 
 
Figure 2.20. Simulated Nyquist plot based on the equivalent circuit. The frequency range 
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CHAPTER 3 – ELECTRO-OXIDATION OF BISULFITE IN NEUTRAL MEDIA 
3.1 Introduction 
 
Studies on the electro-oxidation behavior of S(IV) species are of great importance to their 
industrial applications, such as the proton exchange membrane fuel cell (PEMFC),1–4 and the hybrid 
sulfur cycle (HyS).5–7 Over the years, investigations have found that the performance of HyS and 
PEMFC are greatly affected by the aqueous S(IV) oxidation and adsorption processes.8–11 For the 
PEMFC, for example, the SO2(ads) poisons the cathode surface, leading to the decrease of the oxygen 
reduction reaction.1,12,13 The electro-oxidation of aqueous SO2 and several other S(IV) species have 
been pursued on a wide range of electrode substrates.14–16 Out of the noble metals, palladium and 
palladium oxide were believed to show the highest catalytic activity,17 but this was later disproved 
by Colón – Mercardo and Hobbs as Pt exhibited higher current densities at lower potentials.18 More 
recent studies demonstrated that gold had a higher performance towards the oxidation of SO2 
compared to Pd and Pt.19,20 However, gold is generally not preferred as the electrode catalyst due 
to the corrosion caused by its strong interactions with sulfur compounds.21 Overall, the high cost 
of these noble metal based electrodes has hindered the further advancements of the HyS and the 
PEMFC, and the demand for cost-effective electrode materials has become increasingly important.  
Carbon-based electrocatalysts such as carbide, graphite, porous catalyzed carbon, and doped 
graphene has recently attracted a great deal of attention, in particular for the oxygen reduction 
reactions.22–25 In this study, the oxidation behavior of bisulfite was investigated in neutral media 
using a glassy carbon electrode. Depending on the supporting electrolytes used, oscillatory 
phenomena were observed here. Earlier investigations on the electrochemical oxidation of  S(IV) 
compounds have led to the observation of various nonlinear dynamical instabilities.26–28 Donne and 
his co-workers, for example, reported current oscillations of aqueous sulfur dioxide on modified Pt 
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electrodes.27 A recent study demonstrated the qualitative pH-dependent oscillations of sulfite on a 
Pt electrode, in which SO2(aq) was the dominant electroactive species.28  
Understanding the origins of nonlinear instabilities can provide a unique approach to the 
investigation of reaction kinetics and mechanisms during the oxidation of S(IV) species. Although 
the electrochemical oxidation of SO2(aq) has been extensively investigated, not many studies have 
been conducted towards its respective ionized counterparts, bisulfite and sulfite. To ensure bisulfite 
being the dominant electroactive reagent in the solution,29 herein a neutral medium was selected in 
this study. Depending on the supporting electrolyte used, a slow linear potential scan (i.e., quasi-
stationary voltammetric profile) revealed that the studied system might exhibit a negative 
differential resistance (NDR), highlighting the important changes in the migration and adsorption 
of intermediate products. However, despite the absence of a NDR, the system in KCl solution 
exhibited oscillatory phenomena under both potentiostatic and galvanostatic conditions.  
3.2 Experimental Procedures 
 
NaHSO3 (a mixture of NaHSO3 and Na2S2O5) and KNO3 were purchased from Sigma Aldrich. 
K2SO4 and KCl were obtained from Oakwood Chemicals. Solutions were prepared with double 
distilled water and fresh solutions were prepared for each electrochemical measurement to prevent 
chemical degradation over time. 
All electrochemical experiments were performed with a CHI 760E electrochemical workstation 
(CHI Instruments) connected to cell beaker with a solution volume of 80 mL. A traditional three-
electrode set up was used, in which a glassy carbon electrode (GCE) with a diameter of 3 mm (CHI 
Instruments) was employed as the working electrode. A saturated calomel electrode (SCE) and a 
platinum wire was used as the reference and the counter electrode, respectively. The distances 
between the electrodes were fixed for all experiments. Prior to each experiment, the GCE was 
polished with alumina powder with the sizes of 0.3 and 0.05 micrometer on a polishing pad. The 
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working electrode was thoroughly rinsed between the polishing with double distilled water, 
followed by sonication for approximately 5 minutes to remove any remaining particles. The 
electrode is finally rinsed again with double distilled water before inserting into the solution.  
3.3 Results and Discussion 
3.3.1 Potentiodynamic Profiles 
 
The importance of the supporting electrolytes during the electrochemical oxidation of bisulfite 
is highlighted in Figure 3.1, where a typical linear sweep voltammogram (LSV) of the oxidation is 
presented. The used scan rate is 0.1 mVs-1, which is sufficiently slow to simulate constant applied 
potential conditions, and therefore, is an effective way to explore the dynamical behavior in a given 
system. When sodium bisulfite is dissolved in KNO3 (Figure 3.1(a)), or K2SO4 (Figure 3.1(b)), a 
negative differential resistance branch (NDR) developed after 1.5 V (vs. SCE), which is a 
noticeable contrast compared to the behavior seen in the KCl electrolyte (Figure 3.1(c)). The 
occurrence of a NDR is significant, as a NDR is known to be a necessary condition for the 
development of oscillations in electrochemical reactions.30-33 For NDR-type electrochemical 
oscillators, the double-layer potential plays a crucial role in their overall dynamical behavior.33,34 
Despite the absence of a NDR branch, spontaneous oscillations emerged during the oxidation of 
bisulfite in KCl solutions. For all three supporting electrolytes investigated here, the onset potential 
of the oxidation of HSO3- remains relatively the same, which is approximately 0.6 V. The second 
rapidly increasing branch, which results from the oxidation of water, began at 2.1 V for the KNO3 
solution, as opposed to 1.8 V for the KCl solution. It indicates that the presence of NO3- suppressed 
the oxidation of water. The oxidation of water is described by the following equation, where oxygen 
gas is generated during the reaction. 
2H2O ↔ O2 + 4H+ + 4e-  E




Figure 3.1. Potentiodynamic curves of 0.3 M NaHSO3 in (a) 1.0 M KNO3, (b) 0.35 M K2SO4, and 




To shed light on the origins of the observed instability in the NaHSO3-KCl system, in Figure 
3.2 the LSV of the oxidation of NaHSO3 in a KCl solution is plotted together with the oxidation of 
KCl solution, suggesting that the oxidation of chloride ions begins at approximately 1.3 V (vs. 
SCE), before the oxidation of water occurs at approximately 1.8 V, where bubble evolution was 
observed at the GCE. The oxidation of Cl- ions is described by the following equation, where a 
two-electron transfer takes place to form chlorine.  
2 Cl- ↔ Cl2 + 2e-  E
0 = 1.359 V 
 In KCl solutions, Cl- ions compete with H2O molecules for the active sites at the GCE.35 
However, despite that the standard oxidation potential of water is lower than that of Cl-, the 
oxidation of Cl- ions is the dominant process at lower anodic potentials because adsorption of Cl- 
ions are more favorable due to its negative charge. Oxygen evolution also occurs simultaneously, 
however, the reaction is almost negligible until 1.8 V, where it becomes more prevalent, evidenced 
by the observation of large bubbles at the GCE. 
Results in Figure 3.2 also demonstrate that during the oxidation of NaHSO3, the hydrodynamic 
transport caused by O2 evolution enhances the mass transportation of Cl- and HSO3- ions, which is 
indicated by the sharp response in the current density when the bubble formation occurs. Moreover, 
instabilities observed within the potential window between 1.3 V and 1.8 V might be affected by 
both the oxidation of HSO3- and Cl- ions. In other words, it is most likely that the competition 
between the oxidation of HSO3- and the oxidation of Cl- gives rise to the observed dynamical 
instabilities within the mentioned potential region. However, at potentials above 1.8 V, the 
instabilities are caused by H2O oxidation that forms oxygen gas. According to literature, the 
convection mass transportation induced by the OER can cause the emergence of electrochemical 
oscillations.36 Under these conditions, hydrodynamic convection generated by oxygen gas resulted 
in irregularity in the oscillations. However, it is also important to consider the oxidation of the GCE 
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at such high anodic potentials, resulting in the formation of carbon oxides, which may contribute 
to the hydrodynamic convection processes.  
 
Figure 3.2. Potentiodynamic curves of (a) 0.3 M NaHSO3 in 1.0 M KCl and (b) 1.0 M KCl at the 
GCE. The scan rate was 0.1 mVs-1. 
 Figure 3.3 presents the slow potential sweeps in the supporting electrolytes of KCl, KNO3 
and K2SO4 in the absence of the electroactive species, NaHSO3. The results show that a significant 
anodic current density can only be observed at around 1.5 V for the KNO3 and K2SO4 solutions, 
which represents the oxidation of H2O molecules, evidenced with rigorous bubble evolution at the 
GCE. However, a well-defined oxidation peak can be observed at 1.3 V in the KCl solution, 
suggesting the oxidation of Cl- ions, and the second positive branch indicates the H2O oxidation. 
Thus, this strengthens the idea of the involvement of Cl- ions in the emergence of dynamical 
instabilities observed in this system. To further confirm that the oxidation of Cl- ions, the LSVs of 
solutions containing 0.5 M and 1.0 M KCl were plotted and is presented in Figure 3.4. Here, we 
see well-developed anodic peak which was observed to decrease with decreasing concentrations of 
KCl. However, it is important to note that the peak current density of 1.0 M KCl, is estimated to be 
around 200 times smaller than the peak current density for oxidation of NaHSO3 in 1.0 M KCl, 




Figure 3.3. Potentiodynamic curves of (a) 1.0 M KCl, (b) 0.35 M K2SO4, and (c) 1.0 M KNO3 at 
the GCE. The scan rate was 1 mVs-1. 
 
Figure 3.4. Potentiodynamic curves of (a) 1.0 M KCl and (b) 0.5 M KCl at the GCE. The scan 
rate was 1 mVs-1. 
The influence of the supporting electrolyte concentration on the electro-oxidation behavior 
was investigated in Figure 3.5. Notice that regardless of the amount of KCl present in solution, 
current oscillations occur during the oxidation process, which shows that the supporting electrolyte 
has no bearing on the capability of the system to oscillate. The oxidation of HSO3- in the absence 
of an electrolyte gives rise to a polarization curve with a characteristic negative branch that is not 
observed in 1.0 M KCl electrolytes. When KCl is introduced to the system, the absence of the NDR 
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branch can be explained by the chlorine and oxygen evolution. In fact, with increasing KCl 
concentrations, the onset potential shift for the second rapidly increasing branch, which is 
presumably associated with H2O oxidation can be observed in Figure 3.5(a) and (b), where the 
onset potential is clearly lower for higher concentrations of KCl compared to Figure 3.5(c), in the 
absence of KCl. The results suggest that in larger concentrations of KCl, there are more Cl- ions as 
well as HSO3- ions being replenished at the GCE via hydrodynamic transport, resulting in higher 
current density responses at lower anodic potentials. 
 
Figure 3.5. Potentiodynamic curves of 0.5 M NaHSO3 in varying KCl concentrations: (a) 1.0 M, 
(b) 0.5 M, and (c) 0.0 M. The scan rate was 1 mVs-1. 
To investigate the effects of the HSO3- concentration on the electro-oxidation behavior, 
slow potential scans were conducted with varying concentrations between 0.1 and 0.8 M in 1.0 M 
KCl solution. Figure 3.6 shows that the current response is proportional to the initial concentrations 
of the HSO3- electroactive species. A potential shift towards higher anodic potentials was observed 
for the electro-oxidation of water as the HSO3- concentration was increased. For example, at 0.1 M 
HSO3- the OER occurs at 1.80 V, Figure 3.6(d). An increase of HSO3- concentration to 0.3 M results 
an onset potential increase of 0.03 V. When the concentration of HSO3- is held at 0.5 M, and 0.8 
M, the oxidation potential of H2O takes place at 1.92 V, and 1.98 V, respectively. Such a change 
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may be related to the variation of H2O surface concentration, since at higher HSO3- concentrations 
more H+ ions are dissociated in the solution, which consequently suppresses the amount of H2O 
available for the oxygen evolution reaction. Another interesting change in the LSV is that at high 
HSO3- concentrations, a negative branch emerged. This is significant in terms of the emergence of 
nonlinear instability in an electrochemical system.  
 
Figure 3.6. Potentiodynamic curve of varying NaHSO3 concentrations: (a) 0.8 M, (b) 0.5 M, (c) 
0.3 M, and (d) 0.1 M. The concentration of KCl was 1.0 M. The scan rate was 1 mVs-1. 
3.3.2 Effect of Reaction Parameters on the Oscillatory Dynamics 
 
Potentiostatic experiments at various applied potentials are shown in Figure 3.7, where the 
current density response is in a steady stable state when the applied potential is 0.90 V or below. 
Small amplitude instabilities gradually emerge when the potential is 1.1 V. As the applied potential 
increases to 1.3 V, the oscillatory pattern began as sub-harmonic oscillations. At 1.5 V, oscillations 
with uniform amplitude and frequency (0.047 s-1) appear and continue until the applied potential 
of 1.8 V is reached, where the oscillations lose regularity over time as small bubbles start to form 




Figure 3.7. Time series under the potentiostatic control of: (a) 0.90 V, (b) 1.1 V, (c) 1.3 V, (d) 1.5 
V, and (e) 1.8 V. The solution contained 0.3 M NaHSO3 and 1.0 M KCl. 
 The influence of the concentration of HSO3- on the current oscillations are shown in Figure 
3.8, which presents a set of current time series under a constant applied potential of 1.4 V with 
HSO3- concentrations ranging from 0.02 M – 0.3 M. When the concentration of HSO3- is held at 
0.02 M, the current density is in a stable stationary state. At 0.1 M, small amplitude oscillations 
were observed (time series b). The amplitude and frequency of the oscillations increases when the 
concentration was further increased to 0.3 M. 
 
Figure 3.8. Time series under the potentiostatic control of 1.4 V with varying concentrations of 
NaHSO3: (a) 0.02 M, 0.1 M, and (c) 0.3 M. The concentration of KCl was 1.0 M. 
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Figure 3.9 shows the effect of the KCl concentration on the oscillatory dynamics. In a 
solution containing just NaHSO3, the system was able to exhibit small amplitude instabilities with 
no coherence in terms of the oscillatory pattern. In the presence of 0.5 M KCl, sustained relaxation 
oscillations abruptly emerged with an amplitude and frequency of 0.043 mA mm-2, and 0.0563 s-1, 
respectively. However, when the concentration of KCl was increased to 1.0 M, the frequency and 
the amplitude of the oscillations decreased (0.0267 mA mm-2 and 0.05 s-1, respectively). 
Additionally, the oscillations become more complex as an additional shoulder peak is observed in 
Figure 3.9(c). The average current density decreases as the KCl concentration is increased. Such a 
trend is consistent with what was observed in Figure 3.5, although a different concentration of 





Figure 3.9. Time series under the potentiostatic control of 1.4 V with varying concentrations of 
KCl: (a) 0.0 M, (b) 0.5 M, and (c) 1.0 M. The concentration of NaHSO3 was 0.3 M. 
 To extend the previous investigation on the dependence of the anions present in the 
electrolyte solution, potentiostatic experiments were conducted in KNO3 and K2SO4 with applied 
potentials that exhibited instabilities during the potential sweep, see Figure 3.1. When bisulfite is 





Figure 3.10. Time series under the potentiostatic control of 1.4 V with different supporting 
electrolytes: (a) 1.0 M KNO3, (b) 0.35 M K2SO4, and (c) 1.0 M KCl. The concentration of NaHSO3 
was 0.3 M. 
Figure 3.11 shows the typical oscillatory current density response under potentiostatic 
control of 0.9 V to 1.5 V during the electro-oxidation of HSO3- in KNO3. At low anodic potentials 
such as 0.9 V and below, the system remains in the stable steady state. Dynamical instabilities arise 
when the applied potential is held at or exceeds 1.1 V, in which its amplitude increases with 
increasing applied potential. However, aperiodic oscillations occur throughout the studied range of 




Figure 3.11. Time series under the potentiostatic control of: (a) 0.90 V, (b) 1.1 V, (c) 1.2 V, (d) 1.3 
V, and (e) 1.5 V. The solution contained 0.3 M NaHSO3 and 0.1 M KNO3. 
Figure 3.12 presents potentiostatic results for solutions containing HSO3- and K2SO4, 
where no periodic or sustained oscillations occurred throughout the applied potentials of 0.9 V to 
1.5 V. This is similar to the NaHSO3-KNO3 system. Results in Figure 3.12, along with the results 
from Figures 3.10-3.11 suggest that the Cl- ion plays a certain role in the oscillatory oxidation 
mechanism of HSO3-. 
 
Figure 3.12. Time series under the potentiostatic control of: (a) 0.90 V, (b) 1.1 V, (c) 1.2 V, (d) 1.3 
V, and (e) 1.5 V. The solution contained 0.3 M NaHSO3 and 0.35 M K2SO4. 
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Figure 3.13 shows the current oscillations when a glassy carbon rotating disc electrode was 
employed with different rotating speeds, such as 500 rpm, 1000 rpm, 2000 rpm, and 3000 rpm. The 
RDE mimics the solution-stirring effect, which increases the mass transportation of HSO3- to the 
electrode surface. The HSO3- ions are then consumed via the electro-oxidation reaction. Even at 
large convection forces, which effectively destroys the diffusion layer, current oscillations persist, 
and also exhibit higher complexities and amplitudes. This result indicates that the diffusion layer 
is not an essential variable, which is typically true for C-PDR oscillators.37  
 
Figure 3.13. Time series under the potentiostatic control of 1.4 V using a rotating disc electrode 
with varying speeds: (a) 500 rpm, (b) 1000 rpm, (c) 2000 rpm, and (d) 3000 rpm. The solution 
contained 0.3 M NaHSO3 and 0.5 M KCl. 
Potenstiostatic experiments with a constant rotating speed at varying applied potentials was 




Figure 3.14. Time series under potentiostatic control of: (a) 1.6 V, (b) 1.5 V, (c) 1.4 V, (d) 1.3 V, 
and 1.2 V. The speed of the rotating disk electrode was 500 rpm. The solution contained 0.3 M 
NaHSO3 and 0.5 M KCl. 
 The dynamic oscillatory phenomenon described above occurs in the absence of an external 
resistor. As mentioned earlier, for NDR oscillators, typically the presence of a sufficiently large 
ohmic drop is a requirement to destabilize the system. The insertion of an external resistor in series 
with the working electrode allows one to invoke the role of the ohmic drop in the feedback 
mechanism. The effect of the magnitude of the serial resistance on the dynamical behavior is 
summarized in Figure 3.15. The applied potential is calculated by E = U + IR, where U is the 
electrode surface potential, and IR is the potential drop caused by the serial ohmic presence 
(including the solution resistance). In the absence of an external resistor, large amplitude 
oscillations emerge, Figure 3.15(a). In this case, the only major contributing factor is the solution 
resistance, which was measured to be approximately 20 . With the first insertion of a relatively 
small resistor of 100 , the oscillation amplitudes decreased from 0.0428 mA mm-2 to 0.0289 mA 
mm-2. The amplitude continues to decrease with increasing serial resistor size, until it becomes 
eventually damped when a 2200  resistor was inserted, see Figure 3.15(e). This result is one of 
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the features belonging to the C-PDR oscillator.37 However, this is not in agreeance with the RDE 
experiments shown in Figure 3.13 and 3.14. To gain a better understanding of the oscillatory 
mechanism, EIS investigations were performed, which will further be discussed in a subsequent 
section. 
 
Figure 3.15. Time series under potentiostatic control with varying external resistors: (a) 100 Ω at 
1.78 V, (b) 222 Ω at 2.24 V, (c) 1175 Ω at 5.86 V, and (d) 2200 Ω at 9.76 V. The estimated U is 
1.4 V. The solution contained 0.3 M NaHSO3 and 0.5 M KCl. 
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3.3.3 Potential Oscillations 
 
Figure 3.16 depicts a typical galvanodynamic sweep between 0 mA mm-2 – 0.70 mA mm-2 
under a slow scan rate of 2.1 x 10-5 mA mm-2 s-1. The potential oscillatory responses can be seen 
when the applied current density ranged from ~ 0.33 mA mm-2 to 0.64 mA mm-2. It takes place on 
the positive slope of the slow current density sweep.  As the applied current density exceeds 0.64 
mA mm-2, the system returns to small amplitude instabilities accompanied with bubble evolution 
at the GCE.  
 
Figure 3.16. Galvanodynamic curve of 0.3 M NaHSO3 in 1.0 M KCl between 0.0 mA mm-
2 – 0.70 mA mm-2. The scan rate was 2.1 x 10-5 mA mm-2 s-1. 
Time series at galvanostatic conditions were investigated in Figure 3.17, where at 0.13 mA 
mm-2 no dynamical instabilities were observed. As the applied current density increases to 0.35 mA 
mm-2, relaxation oscillations with a frequency and amplitude of 23 mV and 0.03 s-1 suddenly 
emerges. The frequency and amplitude of the potential oscillations continues to increase with 




Figure 3.17. Time series under the galvanostatic control of: (a) 0.13 mA mm-2, (b) 0.35 mA 
mm-2, (c) 0.45 mA mm-2, and (d) 0.50 mm-2. The solution contained 0.3 M NaHSO3 and 1.0 M KCl.  
3.3.4 Dynamic Quorum Sensing 
 
 The dependence of the reaction behavior on the surface area size of the GCE is highlighted 
in Figure 3.18, where a transition from a steady state to an oscillatory behavior occurs only when 
the critical surface area has exceeded. Similar to the emergence of coherence observed during the 
electro-oxidation of SO2(aq), the dynamic quorum sensing phenomenon was also detected in this 
system. With a GCE that has surface areas less than approximately 0.0393 mm2, the total number 
of oscillators, or active areas, is too low for the coupling interactions to induce collective 
oscillations. Thus, the system remains in a stable steady state, see Figure 3.18(a). At a surface area 
size of 0.0785 mm2, the abrupt appearance of current oscillations occurs, which most likely 
suggests that the critical surface area is between 0.0393 mm2 and 0.0785 mm2, which is smaller 
than the one observed with the electro-oxidation of SO2(aq). Beyond the critical threshold, various 
exotic nonlinear reaction behaviors were detected. The surface area size also acts as a bifurcation 
parameter, leading to the formation of different oscillation modes, for example, period-2 
oscillations, as seen in Figure 3.18(c) and (d) when the surface area is 0.393 mm2 and 0.785 mm2, 
respectively. With increasing GCE surface area, the oscillatory pattern changes, as period-1 
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oscillations were observed at 7.07 mm2. However, the oscillations begin to lose its amplitude and 
frequencies when the surface area is further increased, see Figure 3.18(f) and Figure 3.18(g). 
 
Figure 3.18. Time series under the potentiostatic control of 1.4 V with GCEs of varying surface 
area sizes: (a) 0.0393 mm2, (b) 0.0785 mm2, (c) 0.393 mm2, (d) 0.785 mm2, (e) 7.07 mm2, (f) 7.85 




3.3.5 Mechanistic Characterization 
 
To examine the possible presence of NDR or hidden-NDR in the NaHSO3-KCl system, 
electrochemical impedance spectroscopy (EIS) experiments were conducted and shown in Figure 
3.19. Notably, EIS has frequently been employed to classify the electrochemical oscillator in 
question.34,38 Figure 3.19 shows the Nyquist plot obtained at applied potentials prior to the 
instability region shown in the LSV since EIS data can only be obtained when the system is at a 
stable steady state. When the potential is held at 0.90 V and 1.2 V, a high-frequency (HF) 
capacitance loop is observed in the complex impedance spectra, correlating to the charging of the 
electric double layer. The capacitance loop at moderate frequencies (MF) suggests the diffusion 
through a porous current-limiting film layer at the surface of the GCE. The inductive loop at low 
frequency regimes is exhibited at 1.2 V and 1.3 V. At the potentials studied here, none of the 
electrochemical oscillator categories fit. Thus, the dynamical instabilities observed in this study is 
likely not of nonlinear nature, but simply arises from convection mass transportation caused by the 
oxygen bubble formation. To confirm that the characteristics seen in the above impedance spectra 
is not exclusive to just 0.3 M NaHSO3, another set of EIS experiments were performed in solutions 
containing 0.5 M NaHSO3, seen in Figure 3.20. The formation of the inductive loop with increasing 




Figure 3.19. Nyquist plots during the oxidation of 0.3 NaHSO3 in 1.0 M KCl at a GCE at 
the applied potentials of: (a) 0.90 V, (b) 1.2 V, and (c) 1.3 V. The frequency range was from 1.0 x 




Figure 3.20. Nyquist plots during the oxidation of 0.5 NaHSO3 in 1.0 M KCl at a GCE at 
the applied potentials of: (a) 1.0 V, (b) 1.05 V, and (c) 1.13 V. The frequency range was from 1.0 






3.3.6 Surface Characterization 
 
The GCE surface was characterized using SEM and EDS measurements to improve the 
understanding of the reaction mechanism during the electro-oxidation of HSO3- in KCl. After one 
hour of the reaction (time series at 1.5 V), a SEM image at a 40x magnification reveals small 
amounts of deposition on the outer sides of the electrode, see Figure 3.21(b). The deposition has 
the resemblance of feathers or dendrites, Figure 3.21(c).  
 
Figure 3.21. Scanning electron microscopy images of (a) a pristine GCE surface, (b) a 
GCE surface after 1 hour of the oxidation of 0.3 M NaHSO3 in 1.0 M KCl at 40x magnification 
and (c) 400x magnification. 
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EDS measurements taken of the deposited surface of the GCE revealed that the major 
elemental compositions are O and K, 47.34% and 23.15% by weight, respectively, see Figure 3.22. 
S occurs at 13.38%, followed by Na with 10.36%, and C with 5.29%. There were trace amounts of 
Cl, with 0.58%. This likely suggests that the electrode surface does not undergo major changes 
throughout the oxidation of bisulfite. The detected elements of the deposit observed in the SEM 
image is likely residue from the solution (containing NaHSO3 and KCl). 
 
Figure 3.22. EDS spectra of the deposited species on the GCE surface after 1 hour of the 





3.3.7 Electrochemical Oxidation of HSO3- on Gold 
 
 A brief investigation was done on the electro-oxidation of HSO3- on polycrystalline Au 
electrodes to study the effect of the catalyst material. Figure 3.23 shows the typical j-E dependence 
curve when Au is employed as the working electrode. Here, the upper potential was limited to 1.0 
V to avoid irreversible damage to the electrode due to corrosion processes. It is known that sulfur 
containing compounds can form strong interactions with Au, leading to corrosion/dissolution of 
the electrode surface. One of the examples reported in literature is the oxidation of 
hydroxymethanesulfinate (HMS) on polycrystalline Au.39 Oscillations spontaneously emerge on 
the positive branch between the potential range of 0.5 V to 1.0 V without the insertion of an external 
ohmic resistor, while the onset potential of the HSO3- oxidation occurs at approximately 0.2 V. 
 
Figure 3.23. Potentiodynamic sweep of 0.2 M NaHSO3 in 0.05 M K2SO4. The scan rate was 1 mVs-
1.  
Time series under potential-controlled conditions between 0.8 V – 1.0 V are shown in 
Figure 3.24. At 0.8 V, transient oscillations occur for a brief 400 seconds and disappear, Figure 
3.24(a). When the applied potential is held at 0.9 V, period-2 oscillations with a frequency of 0.09 
s-1 are observed. As the applied potential is further increased to 1.0 V, the oscillations become quasi-
periodic (i.e., in the form of torus oscillations). However, through a short period of experiments, 
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the Au electrode was corroded and contained obvious signs of pitting that could be seen by the 
naked eye. Thus, the oscillations in this system was most likely involving the Au corrosion, and 
not simply from the oxidation of HSO3
-. To confirm this, EIS experiments were performed to study 
the Au dissolution during the electro-oxidation of HSO3-. Figure 3.25 shows the impedance 
spectrum at 0.8 V, where two capacitance loops and one inductive loop is observed. Similar EIS 
results were reported for various types of metal dissolution processes.40,41 
 
Figure 3.24. Time series under the potentiostatic control of: (a) 0.80 V, (b) 0.9V, and (c) 1.0 V. 





Figure 3.25. Nyquist plot during the oxidation of 0.2 NaHSO3 in 0.05 M K2SO4 at a Au electrode 
at an applied potential of 0.8 V. The frequency range was from 1.0 x 105 Hz to 0.001 Hz. The 
perturbation amplitude is 0.005 V. 
3.3.8 Mechanistic Pathway  
 
The overall electrochemical oxidation of bisulfite involves a two-electron transfer process, 
where the final oxidation product is sulfate (SO42-), or sulfuric acid (H2SO4). The reaction can be 
described by the following reaction. 
HSO3- + H2O ↔ SO42- + 3H+ 2e-  E
0 = 0.105 V 
 Regardless of the pathway, it has been generally accepted that the fast adsorption of the 
starting material HSO3- (ads) gives rise to a reaction of an overall order of one.42 Potential 
intermediates involving the pentavalent sulfur, such as pyrosulfite (S5O42-) and dithionate (S2O62-) 
have been proposed to be involved in the mechanistic pathway. Less commonly, various 
polythionates (S3O62−, S6O6 2−) can also be formed.27 Dithionate has been suggested to be an 
intermediate for both dissolved sulfur dioxide and sulfite (in acidic and alkaline media),43 and most 
likely is an intermediate for the oxidation of bisulfite (neutral media). Chang and co-workers also 
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proposed the disulfate ion, S2O72- as the intermediate product of the oxidation of bisulfite by 
molecular oxygen.44 Disulfate then decomposes into sulfate given by the following reaction. 
S2O72- + H2O → 2H+ + 2SO42- 
As an attempt to identify the intermediate and the final product species from the oxidation 
reaction, mass spectroscopy experiments were run on unreacted and reacted solutions, initially 
containing NaHSO3 and KCl, see Figure 3.26. However, the spectra contained many background 
noise. Some peak values that were consistent with HSO3- were found in both the unreacted solution 
(Figure 3.26(a)) and reacted solution (Figure 3.26(b)). The final product, SO42- was not able to be 
detected. A peak value of 97 m/z was present in the unreacted and reacted solutions; although this 
matches bisulfate (HSO4-), it was also found in the blank, which highly suggests the peak is due to 












 Figure 3.26. Mass (ESI TOF) spectra obtained from solutions of (a) unreacted NaHSO3 
and KCl, (b) NaHSO3 and KCl that has been subjected to the electro-oxidation reaction by 
performing a potentiostatic experiment at 1.5 V for 1.5 hours. 
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Comparative studies involving the oxidation of bisulfite on Pt performed by Bell and Wang 
revealed electrochemical oscillations of the N-NDR classification.28 In contrast, with the same 
dominant species (aqueous SO2), the electrochemical oxidation on glassy carbon exhibited 
oscillations belonging to the HN-NDR class, as shown in the previous chapter. For the 
polycrystalline Pt, strong adsorption processes of SO42- ions resulted in a NDR branch in the 
polarization curve. For the dominant species of HSO3- at the GCE in the presence of KCl, the 
oscillations arose from the oxidation of HSO3- competing with the oxidation of Cl-. At higher 
potentials, the oxidation of H2O causes hydrodynamic convection mass transportation which led to 
irregular oscillations. 
Based on the peak current (ip) and its relation to the square root of the scan rate, the linear 
proportionality reveals that the electro-oxidation of HSO3- on the GCE is likely diffusion controlled, 
see Figure 3.27. 
 
 
Figure 3.27. A plot showing the square root of the scan rate and the anodic peak current 






In this study, the oxidation of bisulfite on a glassy carbon electrode in neutral media was found 
to depend significantly on the supporting electrolytes, where the studied system does not show a 
negative differential resistance in the KCl solution. However, despite the absence of a NDR, 
oscillations in both current and potential were observed in the bisulfite-KCl system. Notably, the 
instability took place in the absence of any external resistor and remained intact when using a 
rotating disc electrode. Considering that the oxidation of chloride begins at the potential around 1.3 
V, it is plausible to suggest that the competing oxidations of bisulfite and chloride, are likely 
responsible for this new oscillator. The competition of H2O can also be invoked, as this occurs at 
around 1.8 V. Certainly, one cannot rule out the possible chemical oxidation of bisulfite by the 
oxygen atom generated from the electro-oxidation of water. As the oxidation of water became more 
vigorous with respect to the increase of the applied potentials, erratic bubble formation due to 
oxygen evolution caused irregularity in the oscillation waveform. This is exactly the scenario 
observed at the conditions of high applied potential (i.e., potentiostatic experiments) and high 















(1)  Fu, J.; Hou, M.; Du, C.; Shao, Z.; Yi, B. Potential Dependence of Sulfur Dioxide Poisoning 
and Oxidation at the Cathode of Proton Exchange Membrane Fuel Cells. J. Power Sources 2009, 
187, 32–38. 
(2)  Garsany, Y.; Baturina, O. A.; Swider-Lyons, K. E. Impact of Sulfur Dioxide on the Oxygen 
Reduction Reaction at Pt/Vulcan Carbon Electrocatalysts. J. Electrochem. Soc. 2007, 154, B670–
B675. 
(3)  Zhai, Y.; Bender, G.; Rocheleau, R. The Multiprocess Degradation of PEMFC 
Performance Due to Sulfur Dioxide Contamination and Its Recovery. J. Electrochem. Soc. 2010, 
157, B20–B26. 
(4)  Garsany, Y.; Baturina, O. A.; Pietron, J.; Swider-Lyons, K. E. Impact of Sulfur Dioxide on 
the Performance of the PEMFC Cathodes. ECS Trans. 2006, 3, 685–694. 
(5)  Allen, J. A.; Rowe, G.; Hinkley, J. T.; Donne, S. W. Electrochemical Aspects of the Hybrid 
Sulfur Cycle for Large Scale Hydrogen Production. Int. J. Hydrogen Energy 2014, 39, 11376–
11389. 
(6)  Jessica A., O.; Hinkley, J.; Donne, S.; S.-E. Linquist. The Electrochemical Oxidation of 
Aqueous Sulfur Dioxide: A Critical Review of Work with Respect to the Hybrid Sulfur Cycle. 
Electrochim. Acta 2010, 55, 573–591. 
(7)  Struck, B. D.; Junginger, R.; Boltersdorf, D.; Gehrmann, J. The Anodic Oxidation of Sulfur 
Dioxide in the Sulfuric Acid Hybrid Cycle. Int. J. Hydrogen Energy 1980, 5, 487–497. 
(8)  Lu, P. W. T. Technological Aspects of Sulfur Dioxide Depolarized Electrolysis for 
Hydrogen Production. Int. J. Hydrogen Energy 1983, 8, 773–781. 
98 
 
(9)  Gorensek, M. B.; Summers, W. A. Hybrid Sulfur Flowsheets Using PEM Electrolysis and 
a Bayonet Decomposition Reactor. Int. J. Hydrogen Energy 2009, 34, 4097–4114. 
(10)  Zhai, J.; Hou, M.; Zhang, H.; Zhou, Z.; Fu, J.; Shao, Z.; Yi, B. Study of Sulfur Dioxide 
Crossover in Proton Exchange Membrane Fuel Cells. J. Power Sources 2011, 196, 3172–3177. 
(11)  Tsushima, S.; Kaneko, K.; Hirai, S. Two-Stage Degradation of PEMFC Performance Due 
to Sulfur Dioxide Contamination. ECS Trans. 2010, 33, 1645–1652. 
(12)  Mohtadi, R.; Lee, W.-K.; Van Zee, J. W. Assessing Durability of Cathodes Exposed to 
Common Air Impurities. J. Power Sources 2004, 138, 216–225. 
(13)  Nagahara, Y.; Sugawara, S.; Shinohara, K. The Impact of Air Contaminants on the PEMFC 
Performance and Durability. J. Power Sources 2008, 182, 422–428. 
(14)  Moraes, I. R.; Weber, M.; Nart, F. C. On the Structure of Adsorbed Sulfur Dioxide at the 
Platinum Electrode. Electrochim. Acta 1997, 42, 617–625. 
(15)  Lee, J.; Langer, S. H. Electrochemical Sulphur Dioxide Oxidation with Platinum-
Aluminum Electrocatalysts. J. Appl. Electrochem. 1995, 25, 353–357. 
(16)  Scott, K.; Taama, W. M. An Investigation of Anode Materials in the Anodic Oxidation of 
Sulfur Dioxide in Sulfuric Acid Solutions. Electrochim. Acta 1999, 44, 3421–3427. 
(17)  Lu, P. W. T.; Ammon, R. L. An Investigation of Electrode Materials for the Anodic 
Oxidation of Sulfur Dioxide in Concentrated Sulfuric Acid. J. Electrochem. Soc. 1980, 127, 2610–
2616. 
(18)  Colón-Mercado, H. R.; Hobbs, D. T. Catalyst Evaluation for a Sulfur Dioxide-Depolarized 
Electrolyzer. Electrochem. commun. 2007, 9, 2649–2653. 
99 
 
(19)  Quijada, C.; J. L. Vazquez. Electrochemical Reactivity of Aqueous Sulphur Dioxide at 
Polycrystalline Noble Metal Electrodes in Acidic Media. Recent Res. Dev. Electrochem. 2000, 3, 
137–181. 
(20)  O’Brien, J. A.; Hinkley, J. T.; Donne, S. W. Electrochemical Oxidation of Aqueous Sulfur 
Dioxide II. Comparative Studies on Platinum and Gold Electrodes. J. Electrochem. Soc. 2012, 159, 
F585–F593. 
(21)  Seo, E. T.; Sawyer, D. T. Electrochemical Oxidation of Dissolved Sulphur Dioxide at 
Platinum and Gold Electrodes. Electrochim. Acta 1965, 10, 239–252. 
(22)  Quijada, C.; J. L. Vazquez. Electrochemical Reactivity of Aqueous SO2 on Glassy Carbon 
Electrodes in Acidic Media. Electrochim. Acta 2005, 50, 5449–5457. 
(23)  Zhang, J.; Zhao, Z.; Xia, Z.; Dai, L. A Metal-Free Bifunctional Electrocatalyst for Oxygen 
Reduction and Oxygen Evolution Reactions. Nat. Nanotechnol. 2015, 10, 444–452. 
(24)  Zhang, L.; Xiao, J.; Wang, H.; Shao, M. Carbon-Based Electrocatalysts for Hydrogen and 
Oxygen Evolution Reactions. ACS Catal. 2017, 7, 7855–7865. 
(25)  Yang, C.; Jin, H.; Cui, C.; Li, J.; Wang, J.; Amine, K.; Lu, J.; Wang, S. Nitrogen and Sulfur 
Co-Doped Porous Carbon Sheets for Energy Storage and pH-Universal Oxygen Reduction 
Reaction. Nano Energy 2018, 54, 192–199. 
(26)  Feng, J.; Gao, Q.; Xu, L.; Wang, J. Nonlinear Phenomena in the Electrochemical Oxidation 
of Sulfite. Electrochem. commun. 2005, 7, 1471–1476. 
(27)  O’Brien, Jessica A., Hinkley, James T., Donne, S. W. Observed Electrochemical 
Oscillations during the Oxidation of Aqueous Sulfur Dioxide on a Sulfur Modified Platinum 
Electrode. Electrochim. Acta 2011, 56, 4224–4230. 
100 
 
(28)  Bell, J. G.; Dao, M.; Wang, J. Qualitative Dependence of the Electro-Oxidation Behavior 
of Sulfite on Solution pH. J. Electroanal. Chem. 2018, 816, 1–6. 
(29)  Zelinsky, A. G.; Pirogov, B. Y. Electrochemical Oxidation of Sulfite and Sulfur Dioxide 
at a Renewable Graphite Electrode. Electrochim. Acta 2017, 231, 371–378. 
(30)  Koper, M. T. M. Non-Linear Phenomena in Electrochemical Systems. J. Electrochem. Soc. 
Faraday Trans. 1998, 94, 1369–1378. 
(31)  Koper, M. T. M.; Sluyters, J. H. Instabilities and Oscillations in Simple Models of 
Electrocatalytic Surface Reactions. J. Electroanal. Chem. 1994, 371, 149–159. 
(32)  Koper, M. T. M. Oscillations and Complex Dynamical Bifurcations and in Electrochemical 
Systems. In Advances in Chemical Physics; John Wiley & Sons Inc.: Hoboken, N.J., 1996; pp 161–
298.  
 (33)  Krischer, K. Nonlinear Dynamics in Electrochemical Systems. In Advances in 
Electrochemical Science and Engineering; Wiley‐VCH Verlag GmbH & Co. KGaA: Weinheim, 
Germany, 2002. 
(34)  Strasser, P.; Eiswirth, M.; M. T. M. Koper. Mechanistic Classification of Electrochemical 
Oscillators - an Operational Experimental Strategy. J. Electroanal. Chem. 1999, 478, 50–66. 
(35) Patil, R.S.; Juvekar, V. A.; Naik, V. M. Oxidation of Chloride Ion on Platinum Electrode: 
Dynamics of Electrode Passivation and its Effect on Oxidation Kinetics. Ind. Eng. Chem. Res. 
2011, 50, 12946-12959. 
(36)  Li, Z.; Cai, J.; Zhou, S. Current Oscillations in the Reduction or Oxidation of Some Anions 
Involving Convection Mass Transfer. J. Electroanal. Chem. 1997, 436, 195–201. 
101 
 
(37)  Zensen, C.; Schönleber, K.; Kemeth, F.; Krischer, K. A Capacitance Mediated Positive 
Differential Resistance Oscillator Model for Electrochemical Systems Involving a Surface Layer. 
J. Phys. Chem. C 2014, 118, 24407–24414. 
(38)  M. T. M. Koper. Stability Study and Categorization of Electrochemical Oscillators by 
Impedance Spectroscopy. J. Electroanal. Chem. 1996, 409, 175–182. 
(39)  Bell, J. G.; Wang, J. Nonlinear Instabilities during the Electrochemical Oxidation of 
Hydroxymethanesulfinate. Electrochim. Acta 2016, 222, 678–684. 
(40)  Baril, G.; Galicia, G.; Deslouis, C.; Pébère, N.; Tribollet, B.; Vivier, V. An Impedance 
Investigation of the Mechanism of Pure Magnesium Corrosion in Sodium Sulfate Solutions. J. 
Electrochem. Soc. 2007, 154, C108–C113. 
(41)  Aoki, I. V.; Bernard, M.-C.; Cordoba de Torresi, S. I.; Deslouis, C.; de Melo, H. G.; Joiret, 
S.; Tribollet, B. AC-Impedance and Raman Spectroscopy Study of the Electrochemical Behaviour 
of Pure Aluminum in the Citric Acid Media. Electrochim. Acta 2001, 46, 1871–1878. 
(42)  Hunger, T.; Lapicque, F. Electrochemistry of the Oxidation of Sulfite and Bisulfite Ions at 
a Graphite Surface: An Overall Approach. Electrochim. Acta 1991, 36, 1073–1082. 
(43)  Skavås, E.; Hemmingsen, T. Kinetics and Mechanism of Sulphite Oxidation on a Rotating 
Platinum Disc Electrode in an Alkaline Solution. Electrochim. Acta 2007, 52, 3510–3517. 
(44)  Littlejohn, D.; Hu, K.-Y.; Chang, S.-G. Oxidation of Bisulfite Ion by Oxygen. Ind. Eng. 






CHAPTER 4 – ELECTRO-OXIDATION OF L-CYSTEINE 
4.1. Introduction 
 
L-cysteine (CySH) plays a pivotal role in many biological systems. The sulfur amino acid 
is characterized by its highly reactive thiol or sulfhydryl side chain that is essential in a diverse 
range of cellular functions including enzyme catalysis, biosynthesis of proteins, and 
detoxification.1–3 Additionally, cysteine is a key precursor for the production of glutathione (GSH), 
an important molecule that is responsible for various physiological phenomena.4,5 In chemical 
systems, cysteine was found to modify the surface chemistry of silver nanoparticles through the 
formation of the monovalent silver-sulfhydryl bonds.6 Furthermore, poly(cysteine) has recently 
been employed in the applications of heavy metal extraction,7 and drug delivery.8 Interestingly, the 
electrode modification by poly(cysteine) deposition was shown to increase sensitivity  towards the 
electrochemical detections of various compounds.9–11 
The oxidation reactions of L-cysteine are of great interest due to the unique formation of 
the disulfide linkages between two thiol side groups that form L-cystine. The study of the cysteine 
electro-oxidation on various electrode materials has been pursued in the last several decades.12-25 
For example, several authors have provided comprehensive electrochemical investigations of 
cysteine at mercury electrodes, which show that the reaction occurs via the adsorption of cysteine 
to the Hg surface to form a mercurous cysteinate film.12–16 At noble metals, such as platinum and 
gold, the formation of surface oxides at high anodic potentials was found to suppress the oxidation 
of cysteine.17,18 The anodic reactions of cysteine at carbon materials have attracted increasing 
attention in more recent studies, driven partially by the low cost and abundance of such 
electrocatalysts. 19–25  
Because of its multiple oxidation states, the presence of the sulfur atom provides the 
potential of L-cysteine to exhibit rich dynamical behaviors, such as nonlinear instabilities. For 
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example, Bell and Wang were able to demonstrate electrochemical oscillations during the oxidation 
of another sulfur amino acid, methionine, at a gold electrode.26 However, the dissolution processes 
from the strong interactions of gold with the sulfur compounds was suggested to be the main driving 
force behind the emergence of the current oscillations. To eliminate the possible influence of 
electrode corrosion on the electrochemical oxidation process, Pt was selected as the working 
electrode in this study. Investigations using cyclic voltammetry (CV) indicated the possible 
existence of a negative differential resistance in the electro-oxidation of cysteine at Pt, which has 
been known as a necessary condition for the development of nonlinear instabilities in 
electrochemical systems. Experiments with multi-potential steps (MPS) method revealed the 
presence of complex small amplitude oscillations under certain experimental conditions. It was 
found that the overall characteristics of the oxidation behavior of cysteine was dependent strongly 
on the solution pH. 
4.2 Experimental Procedures 
 
 L-cysteine (97%), sodium hydroxide, sulfuric acid (95%-98%), and potassium chloride 
reagents were purchased from Sigma Aldrich, EM Science, ACP Chemicals, and Oakwood 
Chemicals, respectively. These chemicals were weighted with an analytical balance and directly 
dissolved in a cell beaker with a total solution volume of 80 mL. 
 All electrochemical measurements were taken with a CHI 760E electrochemical 
workstation purchased from CHI Instruments (Texas, US). A polycrystalline platinum disc 
electrode with a diameter of 2.0 mm, also purchased from CHI instruments was employed as the 
working electrode. The reference and counter electrodes were a saturated calomel electrode (SCE) 
and a platinum wire, respectively. Prior to each experiment, the working electrode was polished 
using 0.3 µm and 0.05 µm alumina slurry and was sonicated to remove any adhered alumina 
particles. The electrode was then thoroughly rinsed with double distilled water. 
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 The pH values were obtained with an Orion 410A+ pH meter, purchased from Thermo 
Electron Corporation. The pH meter was calibrated with 3 standard solutions prior to use. 
Scanning electron microscopy (SEM) images were taken with a Quanta 200 FEG 
Microscope (FEI, Inc.) 
4.3 Results and Discussion 
4.3.1 Oxidation of L-Cysteine in Neutral Media 
 
Figure 4.1 shows the typical voltammogram during the electrochemical oxidation of L-
cysteine (0.1 M) in neutral solutions of 0.5 M KCl at a polycrystalline Pt electrode. The j-E curve 
revealed that the oxidation begins at the potential of 0.3 V (vs. SCE) and then rapidly reaches a 
maximum at 0.6 V. Clearly, such a limiting current is determined by the mass transportation 
process. It is useful to point out that at a very slow scan rate of 0.1 mVs-1, the limiting current is 
expected to stay, as the mass transportation has reached its maximum. However, here a well-defined 
peak can be observed in the LSV, indicating that the studied system may have a negative differential 
resistance (NDR) within the potentials of 0.65 V – 1.1 V. The decrease in the current-density 
response (i.e., NDR) could be caused by the passivation of the electrode surface through the 
formation of surface oxides. Under the applied potential ranges undertaken in this study, Pt can 
undergo oxidation to form PtO. In fact, Morris was able to demonstrate that the oxide film growth 
begins to occur at 0.7 V vs. SCE.27 Figure 4.2(b) depicts the j-E curve during the oxidation of L-
cysteine with a PtO electrode. The modified Pt was prepared by applying a high anodic potential 
(1.5 V vs. SCE) for approximately 5 minutes in a 1 M NaOH solution. Such high concentrations of 
NaOH can facilitate the oxide film formation. The results in Figure 4.2 show that PtO exhibited a 
lower electrocatalytic activity towards the reaction compared to Pt electrodes since the current 
density response is lower and the oxidation peak occurs at a slightly higher potential. An earlier 
study by Davis and Bianco on the oxidation of L-cysteine on the Pt electrode suggested that the 
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surface oxides suppressed the reaction, which was also observed in this study.18 However, due to 
the negative branch observed in Figure 4.2(b) with a PtO electrode, this suggests that the 
passivation of Pt was most likely not the main contributing factor that lead to the NDR branch in 
Figure 4.2(a) during the oxidation of L-cysteine with a Pt electrode. 
It has been reported that the oxidation reaction proceeds with the initial step of cysteine 
adsorption. In a neutral solution, the major form of cysteine is cysteine with the protonated 
sulfhydryl and amino groups. When the anodic potential is increased, the adsorption of protonated 
cysteine becomes less favored, resulting in the NDR branch. However, this process is difficult to 
distinguish from the adsorption of neutral form cysteine as well as the oxidation product, cystine.17 
To recall, the presence of a NDR is crucial in the emergence of electrochemical oscillations.28–31 
To confirm that the system does indeed have a NDR, impedance investigations were performed at 
applied potentials that lie on the negative branch of the j-E curve. 
   
 






Figure 4.2. Potentiodynamic curves of 0.1 M L-cysteine in 0.5 M KCl with a (a) Pt and (b) PtO 
electrode. The scan rate was 0.1 mVs-1. 
The impedance spectra measured of a Pt electrode in a solution containing 0.1 M L-
Cysteine and 0.5 M KCl at applied potentials of 0.80 V and 1.05 V are depicted in Figure 4.3. At 
0.80 V, the system first crosses the real impedance axis at a positive value in the clockwise 
direction, and subsequently crosses the imaginary axis at an intermediate frequency. The system 
then intersects the real axis again at approximately -80 k to -100 k and terminates at around -
26 k. A similar behavior was observed at 1.05 V. However, the system crosses the real and 
imaginary axes in a counterclockwise fashion and terminates at approximately -20 k, see Figure 
4.3(b). The results in Figure 4.3 also contain the impedance characteristics belonging to a N-NDR 
oscillator, which would require the presence of a sufficiently large ohmic drop for the emergence 




Figure 4.3. Nyquist plots during the oxidation of 0.1 M L-cysteine in 0.5 M KCl at a Pt electrode 
at the applied potentials of (a) 0.800 V and (b) 1.05 V. The frequency range was from 1.0 x 105 Hz 
to 0.001 Hz. The perturbation amplitude is 0.005 V. 
To search for dynamical instabilities, slow potential sweeps with the insertion of a 27 k, 
80 k, 100 k, and 120  external resistor are shown in Figure 4.4. The ohmic sizes were chosen 
according to the impedance data presented in Figure 4.3. Peak shifts were observed towards higher 
anodic potentials due to large ohmic drops with the increasing resistor size (E = U + IR).  With a 
27 k resistor, the peak occurred at approximately 0.98 V, compared to 0.6 V in the absence of an 
external resistor. Similarly, with a 80 k, 100 k and 120 k resistor, the anodic peaks were 
observed at 1.70 V, 1.85 V, and 1.98 V, respectively. However, even with such large ohmic drops, 
no oscillations were observed in the LSV, despite that the NDR branch persists. This is very 








Figure 4.4. Potentiodynamic curves of 0.1 M L-cysteine in 0.5 M KCl with external resistors of 
(a) 27 k, (b) 80 k, (c) 100 k, and (d) 120 k connected in series with the working electrode. 
The scan rate was 0.1 mVs-1. 
Although oscillatory behavior was not observed in this system, other manifestations of 
nonlinear instabilities were able to be detected. A forward and reverse slow cyclic voltammogram 
(0.1 mVs-1) obtained from a 0.1 M L-cysteine in a 0.5 M KCl solution indicates that within the 
potential range between 0.2 V and 1.2 V, the oxidation reaction may occur at a high current density 
or low current density under the same applied potential (Figure 4.5). Such a behavior is known as 
the bistability.  
 




4.3.2 Oxidation of L-Cysteine in Acidic Media  
 
 The results in Figure 4.6 show that the electro-oxidation of L-cysteine in acidic 
electrolytes produces a j-E curve that is qualitatively the same as seen in neutral solutions. Similar 
to the results in Figure 4.1, a negative branch was also observed in the j-E curve, between the 
potentials of 0.85 V – 1.20 V. An oxidation peak plateau is observed at 0.8 V, which is about 0.2 
V higher than seen in neutral conditions. This indicates that a higher overpotential is needed in 
order to oxidize cysteine in an acidic medium. 
 
 
Figure 4.6. Potentiodynamic curve of 0.1 M L-cysteine in 0.1 M H2SO4. The scan rate was 0.1 
mVs-1. 
Figure 4.7 presents the Nyquist plot of the Pt electrode during the electro-oxidation of L-
cysteine at applied potential of 0.90 V, which lies on the NDR branch observed in the j-E curve 
(Figure 4.6). Similar to the L-cysteine-KCl system, the impedance response crosses the imaginary 
axis at an intermediate frequency and ends in quadrant II of the complex plane. Despite no 
intersection with the x axis (real impedance) occurs, it demonstrates a clear trend that the system 
will end at the negative x-axis as the frequency of the perturbation approaches to zero, which is 




Figure 4.7. Nyquist plot during the oxidation of 0.1 M L-cysteine in 0.1 M H2SO4 at a Pt electrode 
at the applied potential of 0.90 V. The frequency range was from 1.0 x 105 Hz to 0.001 Hz. The 
perturbation amplitude is 0.005 V. 
Another interesting feature of the L-cysteine-H2SO4 system is the ability to exhibit the 
bistability behavior, as seen in Figure 4.8. The observed phenomenon was found to be similar in 
the neutral system, where the system can either be in a high or low current density state between 
the applied potentials of 0.5 V – 1.2 V. 
 




4.3.3 Oxidation of L-Cysteine in Alkaline Media  
 
 The pH-dependence of the reaction behavior is especially pronounced when L-cysteine is 
oxidized in strong alkaline media. Figure 4.9 shows the typical polarization curve of a Pt electrode 
in solutions of 0.1 M L-cysteine and 0.1 M NaOH. A marked contrast can be observed in the 
voltammetric behavior, as Figure 4.9 presents a rather complex j-E dependence curve compared to 
neutral and acidic pH solutions. Firstly, a local current density maximum was observed at 
approximately 0.90 V, which is similar to the one seen in Figure 4.1 and Figure 4.6. However, at 
around 1.25 V, there is an abrupt increase in the current density, followed by the gradual decay. 
Such a phenomenon resembles what has been frequently seen in electrochemical oxidation of 
metals, where the dramatic increase in current is caused by the abrupt disruption of passivation 
layer at the Flade potential. Phenomenologically, a circular thin film could sometimes be seen at 
the bottom of the reactor, which led us to suggest that the observed spike in the current density is 
correlated to the fall-off of the film. A small shoulder peak is also present at a low anodic potential 
of 0.1 V. 
 





Three negative branches can be seen in the j-E curve: (1) 0.15 V to 0.35 V, (2) 0.90 V to 
1.15 V, and (3) 1.25 V to 1.5 V. The impedance spectrum was taken at an applied potential in each 
of the above-mentioned regions and are depicted in Figure 4.10. In the first NDR, at 0.3 V, the 
Nyquist plot contains a semi-circle and a straight line at about a 45 degrees angle, which represents 
the Warburg diffusion impedance, Figure 4.10(a). As the applied potential is further changed to 
0.80 V, the impedance spectrum looks similar to what was observed in the L-cysteine-H2SO4 
system, see Figure 4.7. Please note that 0.8 V is located just outside the second negative branch, 
but this may be explained with a slight potential shift due to ohmic drops caused by minor 
differences in the solution resistance. Thus, another potential was selected within the same region. 
At 1.0 V, the system crosses the imaginary axis before intersecting the negative real impedance 
axis and continues to move away towards larger negative impedance values (Figure 4.10(c)). 
Comparable impedance characteristics were also observed at a potential in the third NDR regime, 
1.3 V (Figure 4.10(d)). From the potentials 1.5 V and 1.65 V, which is located on the positive 
current-density branch, some instabilities can be noticed, shedding light on the possibility of the 
emergence of oscillatory behavior. The electrochemical impedance measurements were recorded 
at 1.5 V, which produced a Nyquist plot belonging to the HN-NDR oscillator, shown in Figure 
4.11. The results from the j-E curve and the impedance spectrum indicates oscillations at higher 






Figure 4.10. Nyquist plots during the oxidation of 0.1 M L-cysteine in 0.1 M NaOH at a Pt electrode 
at the applied potentials of (a) 0.3 V, (b) 0.8 V, (c) 1.0 V, and (d) 1.3 V. The frequency range was 




Figure 4.11. Nyquist plot during the oxidation of 0.1 M L-cysteine in 0.1 M NaOH at a Pt electrode 
at the applied potential of 1.5 V. The frequency range was from 1.0 x 105 Hz to 0.0001 Hz. The 
perturbation amplitude is 0.005 V. 
In the absence of an external resistor, the L-cysteine-NaOH system was able to exhibit 
bistability, which is shown in Figure 4.12. A potentiodynamic curve was recorded in the forward 
and reverse scan in a solution containing 0.1 M L-cysteine and 0.1 M NaOH. This was followed 
by a separate reverse scan in the same solution with a polished bare Pt electrode. At the potential 
ranges of 0.6 V and 1.4 V, the system can exist at a high or low current-density. On the forward 
scan, the current density appears to be at 16.9 µA mm-2, but in the reverse direction, no oxidation 
peak can be seen, and the current-density is at 2.48 µA mm-2. To confirm that the passivation of 
the surface was not responsible for the observed behavior, a reverse potential sweep was performed 




Figure 4.12. (a) Cyclic voltammogram of 0.1 M L-cysteine in 0.1 M NaOH. (b) Linear sweep 
voltammogram in the reverse direction. The scan rate was 0.1 mVs-1. 
 Multi-potential steps time series were performed to investigate the bistable behavior. By 
applying a different potential for a short period of time, it acts as a perturbation and hopefully cause 
an excitation to shift the system to the neighborhood of another stable steady state. The system will 
then evolve to the new state and remain there even if the potential perturbation was removed (i.e., 
in our configuration, the potential is switched back to the prior value). For this study, the initial 
potential was 1.08 V, and 1.3 V and 0.4 V were also applied before reverting to 1.08 V. However, 
upon returning to 1.08 V, no obvious bistable behavior can be detected, as each potential step of 





Figure 4.13. Multi-potential steps of 0.1 M L-cysteine in 0.1 M NaOH. The applied potentials were 
(a) 1.08 V, 1.3 V, (c) 1.08 V, (d) 0.4 V, and (e) 1.08 V. 
The concentration of L-cysteine was decreased to investigate the effects on the bistability 
behavior. Figure 4.14 shows the multi-potential step time series in 0.05 M L-cysteine and 0.1 M 
NaOH. Although no discernable bistability was observed, the emergence of oscillations occurred 
at the potentials of 1.08 V and 1.3 V, a sharp contrast to the behavior in 0.1 M L-cysteine. The 
potentiostatic oscillations was unexpected, as NDR oscillators typically require the presence of an 
ohmic external resistor. The high solution resistance (~390 ) may be adequate for the onset of 
oscillatory behavior but was not reflected in the impedance investigations. 
 
Figure 4.14. Multi-potential steps of 0.05 M L-cysteine in 0.1 M NaOH. The applied potentials 
were (a) 1.08 V, 1.3 V, (c) 1.08 V, (d) 0.4 V, and (e) 1.08 V. 
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 A slow potential sweep was performed to obtain a greater level of understanding of the 
observed nonlinear phenomenon in the above figure. Figure 4.15 illustrates the j-E dependence 
curve of 0.05 M L-cysteine in 0.1 M NaOH where a dramatic change of the oxidation behavior 
occurs. The onset potential of L-cysteine occurs at approximately 0.4 V and continues to increase 
with no discernable oxidation peak or current density maximum. With a decrease of the L-cysteine 
concentration, the NDR that was present with 0.1 M of L-cysteine is not observed in Figure 4.15. 
Furthermore, the observation of spontaneous instabilities along the positive branch in the j-E curve 
in the absence of an external resistor is remarkably different than what was previously observed 
and indicates the possibility of the HN-NDR oscillator. EIS experiments were attempted to confirm 
the classification of the observed oscillations, however, due to the instabilities on the positive 
branch, the impedance spectra could not give further clarifications. 
 
Figure 4.15. Potentiodynamic curve of 0.05 M L-cysteine in 0.1 M NaOH. The scan rate was 0.1 
mVs-1. 
To explore the oscillatory dynamics observed in the above figures, the time series under 
potentiostatic control in a solution containing 0.05 M L-cysteine and 0.1 M NaOH is presented in 
Figure 4.16. At 1.3 V, relaxation oscillations appear with a shoulder peak with an average amplitude 
of approximately 1.6 µA mm-2. When the applied potential is increased to 1.4 V, complex 
118 
 
oscillations were observed that occur with a lower frequency. It is worthy to point out that the 
oscillations also only occur within a narrow range of L-cysteine concentrations. Upon increasing 
to 0.1 M, and lowering to 0.02 M, no oscillations occur at either concentration. 
 
Figure 4.16. Time series under the potentiostatic control of (a) 1.3 V and (b) 1.4 V. The solution 
contained 0.05 M L-cysteine and 0.1 M NaOH. 
The bistability phenomenon was also observed during the galvanodynamic sweeps in the 
forward and reverse scans, see Figure 4.17. The potential response increases monotonically with 
the applied current density in the forward scan. Starting with a high applied current density (19 µA 
mm-2) in the reverse scan, the system exhibits low potentials. Upon decreasing the applied current 
density, the potential response increases before a sharp decrease was observed. It is suspected that 




Figure 4.17. Galvanodynamic sweeps of 0.1 M L-cysteine in 0.1 M NaOH between 0 and 19 A 
mm-2 in the (a) forward and (b) reverse scan. The scan rate was 0.00318 A mm-2 s-1. 
4.3.4 Mechanism and Kinetic Overview 
 
The overall oxidation reaction consists of cysteine being oxidized to cystine through the 
formation of the disulfide bond32:  
2RSH ↔ RSSR + 2e- + 2H+  
It has been previously reported that the anodic processes of cysteine are irreversible due to the slow 
kinetics of the reaction.32 This was observed at the Pt electrode, as no discernable reduction peaks 
can be observed in the CV of L-cysteine in acidic, neutral and alkaline conditions (Figure 4.18). 
The results in Figure 4.18 reveal that the onset potentials for the oxidation of L-cysteine in KCl 
occurs at a lower anodic potential than in H2SO4, which is consistent with the findings of the slow 
LSVs presented in previous figures. However, in alkaline conditions, such as 0.1 M NaOH, no 
oxidation peaks can be distinguished, indicating that L-cysteine in high solution pH is possibly 
electrochemically inactive. Furthermore, the oxidation of L-cysteine at the Pt electrode appears to 




Figure 4.18. Cyclic voltammograms of 0.1 M L-cysteine in (a) 0.1 M NaOH, (b) 0.5 M KCl, and 
(c) 0.1 M H2SO4. The scan rate was 100 mVs-1. 
A difference in the anodic limiting current densities can be discerned in the j-E curves 
between the neutral, acidic, and alkaline media. In alkaline electrolytes, such as 0.1 M NaOH 
solution, the limiting current density for the oxidation of L-cysteine is 16.93 A mm-2, which is 
significantly higher than in  solutions containing 0.1 M H2SO4 (8.56 A mm-2) and 0.5 M KCl (5.57 
x A mm-2). Thus, one can assume that the kinetics, or the mass transportation characteristics of L-
cysteine vary in response to changes in the solution pH. The fundamental difference between the 
solution pH is the relative abundance of the various forms of cysteine. The pka values of the 
carboxylic acid, sulfhydryl, and amine groups are given as follows: 1.92, 8.37, and 10.70, 
respectively.33  In sufficiently acidic conditions, if the pH<pka1, cysteine is fully protonated and 
contains an overall +1 charge. When L-cysteine is dissolved in 0.1 M H2SO4, the measured pH was 
1.48, in which L-cysteine predominately exists in its fully protonated form. In 0.5 M KCl, the 
experimental pH was approximately 5.24, which falls in between the first and second pKa values. 
In these conditions, the dominant form of L-cysteine is a neutral molecule. When the electrolyte is 
0.1 M NaOH, the measured pH is 9.48, surpassing the second pKa, which in turn indicates the 




Figure 4.19. Ionization of L-cysteine in varying solution pH. 
The adsorption and desorption processes at the Pt electrode vary significantly with respect 
to the solution pH. Dourado and co-workers have recently proposed a list of different adsorbed L-
cysteine species that was confirmed with IR spectra.34 For example, in very acidic conditions, such 
as a pH of 0, the strong adsorption of the carboxylic group occurs. However, it was shown that the 
decarboxylation of the adsorbed L-cysteine occurs when the applied potential is greater than 1.15 
V vs. RHE, resulting in the formation of CO2. The effects of the competing forces between H(ads) 
and L-cysteine cannot be ignored in acidic conditions, as in higher H+ concentrations will result in 
lower L-cysteine adsorption.34 Near neutral solution pH favors the adsorption of the amine group. 
Furthermore, at a solution pH of approximately 9 was reported to be the optimal condition for L-
cysteine adsorption, which is mainly the adsorbed sulfone.34 The adsorption of L-cysteine 
regardless of the species agrees with the findings of this study, as a well-defined negative branch 
was observed in the j-E curve in acidic, neutral, and alkaline media. 
A sudden onset of the oscillatory behavior was observed when the concentration of L-
cysteine was decreased from 0.1 M to 0.05 M in the same electrolyte solution, 0.1 M NaOH. The 
dynamical transition can be explained by the solution pH, which was measured to be 12.02. At such 
high pH, the dominant species of L-cysteine is now the fully deprotonated form, in which the amino 
group now only contains two protons, resulting in an overall charge of -2. To show that instabilities 
emerged was not due to the concentration of L-cysteine, another potentiodynamic sweep was 
performed with a solution containing 0.1 M L-cysteine, and 0.2 M NaOH to ensure the pH is 
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sufficiently high to deprotonate all groups of the amino acid. As seen in Figure 4.20, oscillations 
emerge on the positive branch just as in Figure 4.15, when the concentration of L-cysteine was 0.05 
M in a solution of 0.1 M NaOH. It is important to highlight the absence of a NDR branch in Figure 
4.20, which can be attributed by the lack of L-cysteine adsorption. According to Dourado and co-
workers, at such high pH values, it facilitates unfavorable conditions for the adsorption processes 
of L-cysteine.35 
 
Figure 4.20. Potentiodynamic curve of 0.1 M L-cysteine in 0.2 M NaOH. The scan rate 
was 0.1 mVs-1. 
An interesting finding in the presented study is the formation of a thin film at the Pt 
electrode during the electro-oxidation of cysteine at potentials of approximately 1.2 V and above 
in solutions containing 0.1 M NaOH. The physisorbed layer appears to uniformly coat the electrode 
surface and is white in color after several hours of the reaction time. To gain a better understanding 
of the nature of the film, scanning electron microscopy (SEM) images were taken, and shown in 
Figure 4.21. At a 1500x magnification, a dense layer of the formed deposits was observed. Upon a 
closer examination, the film seems to be composed of many stacked layers of thin hexagonal 
platelets. The identity of the adsorbed species is yet to be identified but is most likely cystine due 
to its similarity to the hexagonal morphology of cystine crystal reported. Ward and co-workers 
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reported the SEM images of L-cystine crystals, which resembles the characteristics of the deposited 
film observed in this study.36 The fall-off of the coating layer from Pt electrode may be related to 
the sudden spike seen in the j-E curve. The differences in the chemical structures of cysteine in 
different pH media may explain the differences of the oxidation peaks observed in the three media, 
i.e., H2SO4, KCl and NaOH. 
 
Figure 4.21. Scanning electron microscopy images of a Pt electrode after 2 hours of the 






 The electrochemical oxidation of L-cysteine at the Pt electrode has been investigated in 
three media of different pH values, where a negative differential resistance branch was observed, 
providing positive support on the possibility of seeing nonlinear instabilities in this system. In 
alkaline conditions, the onset of oscillations occurred within a narrow range of parameters in the 
absence of an external resistor, which contradicts the impedance spectra that suggests an external 
resistor is required to bring the system from a stable steady state to the oscillatory state. The 
observation that the oxidation reaction kinetics of L-cysteine is dependent on the solution pH is 
likely due to changes of the dominant electroactive species in the solution. It was found that only 
in alkaline media, such as those containing NaOH, film formation on the Pt electrode is suspected 
to be L-cystine. The adsorption processes, formation of surface oxides, and changes of the dominant 
electroactive species may contribute to the differences of the oxidation behaviors in varying 
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CHAPTER 5 – CONCLUSIONS AND FUTURE PERSPECTIVES 
5.1 Conclusions 
 
This thesis investigated the electrochemical oxidation behavior of two sulfur compounds 
at various conditions. The study of the oxidation of bisulfite in acidic media at a GCE demonstrated 
a critical surface area dependence of the onset of the current and potential oscillations, providing a 
useful model for the dynamical quorum sensing phenomena observed in many systems including 
biological media. The surface area effect is not likely related to the IR drop, as oscillations could 
still be obtained under the IR compensation. Further investigations involving EIS revealed that the 
oscillator most likely belonged to the HN-NDR class, which was consistent with the absence of a 
NDR branch in the LSV, and the emergence of galvanostatic oscillations. Various reaction 
parameters, such as the applied potential, applied current density, bisulfite concentration, the type 
of electrolyte and its concentrations are found to exhibit great influences on the oscillatory 
dynamics. Another interesting finding of this study is the production of various allotropes of sulfur 
at the CE during the electrochemical oxidation of bisulfite in different concentrations of sulfuric 
acid. In lower concentrations, yellow sulfur is produced and disperses throughout the solution over 
time. On the other hand, in higher concentrations of H2SO4, white sulfur is produced and remains 
near the CE. According to literature, the yellow sulfur is likely S6 – S12 or polysulfide anions.1 
As the principle species of bisulfite in solution depends on the pH, Chapter 3 focused on 
the oxidation of bisulfite in neutral media at the GCE, where HSO3- is the dominant electroactive 
species as opposed to SO2(aq) in acidic media (H2SO4). Here, instabilities have been observed in the 
neutral electrolytes of KNO3, K2SO4 and KCl. However, in KNO3 and K2SO4 solutions, the LSV 
has a well-defined NDR branch, where irregular/aperiodic oscillations occur. When bisulfite is 
oxidized in KCl electrolytes, the LSV lacks a NDR, and is characterized with a continuous 
increasing positive branch, yet spontaneous oscillations appear in a wide range of reaction 
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parameters. The oscillations that occur in this study does not require the insertion of an external 
resistor, which was also the case observed in Chapter 2. Through further investigations it was 
revealed that the oxidation of chloride ions in KCl solutions began at 1.3 V, which is within the 
oscillatory regime of a LSV containing NaHSO3 and KCl. Furthermore, the oxidation of HSO3- and 
Cl- appear to suppress the oxidation of H2O until the applied potential reaches approximately 1.8 
V. At such high anodic potentials, the oxidation process of the H2O molecules becomes significant 
to give rise to hydrodynamic mass transportation convection due to the oxygen bubble evolution. 
Therefore, within the potential range of 1.4 V – 1.8 V, the oscillations most likely are a result of 
the competition between the oxidation of bisulfite and chloride ions. Impedance spectra obtained 
at those conditions also demonstrated that the observed oscillations did not fit into the before-
mentioned categories. They may represent a new class of an electrochemical oscillator.  
The electrochemical oxidation of L-cysteine at the Pt electrode was investigated in Chapter 
4. It was found that the reaction kinetics and oxidation behavior varied with the solution pH, which 
was likely due to changes of the dominant electroactive species of L-cysteine. At a pH of 1.46 (0.1 
M H2SO4), 5.24 (0.5 M KCl), and 9.48 (0.1 M NaOH), the onset oxidation potential and peak 
current were different, but a negative differential branch was observed in all of the potentiodynamic 
curves. Electrochemical impedance spectra displayed characteristics of a N-NDR oscillator, yet no 
spontaneous oscillations were observed with or without a sufficiently high ohmic drop. However, 
the phenomenon of bistability was detected in a slow cyclic potentiodynamic sweep, where the 
system could exist at a high or a low current density state. With an increase of the solution pH to 
12.02, spontaneous oscillations emerged along the positive branch of the LSV. Such a qualitative 
change in the reaction behavior can be attributed to the deprotonation of the amino group of L-
cysteine. Because of the dynamical instabilities took place even in the absence of an external 
resistor, it was not feasible to apply the EIS technique to determine the possible existence of a 
hidden negative differential resistance in this system. Moreover, during the oxidation of L-cysteine 
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in an alkaline solution such as 0.1 M NaOH, a thin film was found to form on the Pt, which was 
observed to fall off the electrode depending on the quantity produced. Preliminary characterization 
with SEM illustrates that the film is composed of layers of stacked hexagonal platelets. The shape 
is very similar to what was reported in the study of cystine crystal. Further investigations will be 
needed to determine the film.  
5.2 Future Perspectives 
 
Nonlinear systems involving sulfur compounds have great potential in the applications of 
material fabrication and may be of great importance moving forward. With respect to the 
electrochemical oxidation of bisulfite in sulfuric acid at the GCE, the identification and analysis of 
the formed molecular sulfur species at the CE should be considered in future studies as it may 
elucidate their roles in the underlying mechanisms of the observed oscillatory phenomenon. In turn, 
this information can be useful towards the hybrid sulfur cycle. UV/vis spectroscopy can be 
employed to confirm the presence of the sulfur rings, where their absorption band lies in the region 
of 250 nm – 300 nm.1 The H2SO4 concentration ranges should be further increased to examine its 
effect on the physical and chemical properties of elemental sulfur synthesized in this system. 
Moreover, the CE can be replaced with other materials to modify the electrode directly. For 
example, it has been observed in our group that the fabrication of copper sulfide can effortlessly be 
completed during the oxidation of bisulfite in H2SO4 at the GCE by incorporating a copper 
wire/sheet as the CE. By using the oscillatory dynamical approach, the morphology of the copper 
sulfide deposits can be manipulated due to the ease of altering various control parameters. 
The results presented in Chapter 3 show that the oxidation of bisulfite in KCl at the GCE 
have relevance to the OER applications in part of renewable energy production. However, 
additional experiments are imperative to gain significant insights into this system first, such as 
identifying the essential variables that participates in the feedback mechanisms. For example, 
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repeating the experiments performed in this study with a different electrode material, such as Pt 
and graphite can determine whether the oscillatory behavior is exclusive to the GCE. Furthermore, 
additional SEM measurements need to be taken to clarify whether there are surface changes 
occurred during the oxidation of bisulfite and its role on the emergence of oscillations. The effect 
of halide ions in solution and reaction temperature can also be explored to manipulate the potential 
and current oscillatory behavior. 
Only preliminary investigations on the electrochemical oxidation of cysteine was pursued 
in this research. In future investigations, to confirm that the film is indeed cystine, the film needs 
to be separated and purified with chromatography. UV spectroscopy can also be used to identify 
cystine by measuring the absorption bands, and as well as IR spectroscopy. Due to the abundance 
of the repeating hexagonal units, size exclusion chromatography may be used to determine the 
molecular weight of the film to determine whether the film is a polymer. Furthermore, another form 
of perturbation can be applied to manifest the bistability phenomenon. Some examples that had not 
been attempted in this study are the applied current densities and forced mass transportation using 
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